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Urinary bladder function and dysfunction 

The urinary bladder serves as storage for the urine that is continuously produced in 
the kidneys. A well-functioning bladder can store urine by elastic expansion. The 
bladder registers when the maximum filling capacity is reached and sends this 
information to the pontine miction centre in the brain stem [1]. Here the decision is 
made whether emptying the bladder at that time is appropriate. If so, this center sends 
signals to relax the sphincter, which opens up the bladder outlet (urethra), and to 
contract the bladder muscle (detrusor), which forces the urine out of the bladder. 
Adult men and women urinate on average 4 – 7 times a day. For most of us urination 
is intuitive. For an increasing number of people, however, urination becomes an 
everyday, and even painful, problem as a consequence of inadeqate bladder function. 
In adults examples of causes of improper bladder function are trauma (spinal cord 
injury), bladder cancer, low bladder contractility and (only in men) Benign Prostatic 
Enlargement (BPE). In children improper bladder function is related to an improper 
sphincter relaxation due to congenital (spina bifida) or acquired spinal cord lesions 
and to obstruction of the urine flow by Posterior Urethral Valves (PUV).  
 
 
Loss of bladder function 

Problems with bladder emptying are often related to increased urethral resistance. 
The cause of the increased urethral resistance can be structural or functional. In 
structural obstruction such as BPE, the urethra may be compressed by the 
surrounding prostate mass. Boys can be born with structures inside the urethra, 
urethral valves, which have failed to disappear during fetal development and 
partially obstruct the internal urethra. In general, functional obstruction is the result of 
acquired or inborn damage to the nerves that transmit signals between the bladder, 
urethra and pontine miction centre. In a later stage psychological factors may also 
play a role. As a result the co-operation between opening of the urethra and 
contraction of the bladder is disturbed and the bladder has to empty through a 
partially closed urethra. Irrespective of the cause of obstruction, the result is that the 
pressure inside the bladder during voiding is abnormally high and that the bladder 
muscle must work harder to produce this pressure. Recurring episodes of higher 
pressure may progressively damage the bladder tissue. Furthermore at some point the 
pressure may reach a level where urine flows back from the bladder to the kidney 
(reflux) [2]. This can ultimately damage the kidney, directly by exposure to high 
pressure and indirectly by increasing the risk of renal infection because the normal 
defence mechanism of the ureteral lining is by-passed [3]. In the days when treatment 
options for pediatric patients with outlet obstruction were scarce or facilities for 
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proper treatment were limited, the worst-case scenario of complete kidney failure was 
not uncommon [4] (figure 1). 
In response to both the damage and the requirement of more force production the 
bladder changes in structure. It is strengthened to withstand the higher pressures and 
the muscle mass increases. Unfortunately, although these changes may serve the 
purpose of ensuring good bladder emptying, they negatively effect the elastic 
properties of the bladder and thereby its storage function.  

 

Overall, urethral obstruction causes the bladder to migrate from elastic tissue and low 
voiding pressure to thickened in-elastic tissue and high voiding pressure. A major 
challenge in the treatment of these patients is to establish the condition of the bladder, 
to maintain it and to preferably restore function and structure. 
 
 
Diagnosis of bladder dysfunction 

In BPE patients, bladder dysfunction is assessed from specific symptoms using the 
international prostate symptom score (IPSS) questionnaire [5], followed by 
urodynamic measurements. The presence of bladder dysfunction may indicate 
acquired or congenital spinal nerve damage (spina bifida). In unborn children with 
outlet obstruction bladder dysfunction is in most cases revealed by widened ureters, 
observed with prenatal echography [6]. Intervention by cystoscopic valve ablation is 
then performed early after birth. Especially in children, quick and appropriate 
treatment is of importance because the bladder is still developing. 
Urodynamic measurements are used to determine the initial severity of bladder 
dysfunction and during follow-up (see next section). These diagnostic modalities used 
in conjunction with medicines that relax the bladder muscle (anticholinergics) and the 
application of clean intermittent catheterisation (CIC) are in general the treatment of 

Figure 1 
The urological system of a patient suffering from partial
obstruction. Note the large calyces in the kidneys and the
widened ureters as a consequence of reflux and a thick
bladder wall layer. 
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choice in pediatric patients. In spina bifida and PUV patients this approach has 
significantly increased the success of maintaining bladder and kidney function. 
Unfortunately, a permanent loss of bladder and kidney function still occurs in some 
patients. There may be several causes for this. The main cause is the problem of 
irreversible bladder structural damage. Even when an obstruction is removed, the 
changes in structure are so severe that the bladder is now fighting against its own 
incapability to extend upon filling and to properly empty upon voiding. Bladder 
function will only deteriorate further until the bladder has become no more than a 
complete non-compliant bag mainly consisting of collagen. But before this end-stage 
scenario is reached the kidneys may very likely be damaged as well because of reflux. 
Because there is still a poor insight in the relation between functional and structural 
changes in the bladder upon partial bladder outlet obstruction (PBOO), it is not (yet) 
possible to determine a definite point of damage becoming irreversible in both 
functional and structural analysis. This emphasizes the need for accurate treatment. 
Furthermore, specifically in PUV patients it is a problem to correctly diagnose the 
onset of bladder dysfunction. Urodynamic measurements cannot be done prenatally. 
In addition, immediately after birth the urine flow is diverted through a catheter, 
which bypasses the bladder function. This catheter is kept in place until some time 
after the valves have been removed. Thus, at present there is no insight into the 
severity of changes in function of these bladders during the obstructive period. The 
first urodynamic measurement, which serves as the reference point for future changes 
in bladder function, is usually obtained some time after the valve ablation. Also in 
patients with functional obstruction caused by e.g. spina bifida, permanent loss of 
bladder function and kidney function still occurs. The current approach is therefore 
inadequate. 
In summary the problem is twofold: the follow-up methods used do not timely 
register changes in bladder function and the exact mechanism of bladder function 
deterioration is not completely clear. For these reasons possibly current treatment may 
not be targeted correctly. 
 
 
Urodynamic measurements 

The variables most often used in pediatric urodynamic measurements are bladder 
pressure and urine flow rate. Monitoring these variables may reveal higher pressures 
than normal, urine flow rate changes and involuntary detrusor contractions (detrusor 
overactivity). Bladder residue after urination is measured by echography. After 
calculations using pressure and flow rate data as input, the compliance and 
contractility can be obtained. Compliance is a variable that gives insight into the 
elasticity of the bladder wall. The more compliant, the easier for the bladder it is to 
expand during filling, thus pressure remains low. In clinical practice compliance is 
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determined mostly quantitative as ‘good’ or ‘bad’ according to the shape of the 
pressure/volume relation. Quantitative calculations for compliance are seldom 
performed. Contractility quantifies the ability of the bladder to contract. Force is one 
aspect of contractility, the other one is contraction velocity. An outflow obstruction 
may suppress this velocity while force is high. Contractility is rarely used in clinical 
decisions, as its relevance in the diagnosis of obstructive bladder disease is not yet 
clear. 
Video urodynamic studies (VUDS) in young children mostly include pressure and 
flow rate data. Upon instillation of contrast agents, X-ray diffraction video-images of 
the whole urinary tract give insight into sites of obstruction (figure 2). The majority of 

 

VUDS are performed in patients with spina bifida, chronic inflammatory urinary 
tracts and with suspicion of reflux and obstruction. VUDS is often used in follow-up 
studies to monitor bladder function during and some time after treatment of the 
disease. All in all these diagnostic modalities can give a good assessment of bladder 
function at a specific time point. This has greatly improved the follow-up of patients 
with obstructive bladder disease. Unfortunately they do not tell what happened to the 
bladder before the time of assessment. The question, what route of deterioration did 
the bladder follow, remains unanswered. In addition they give no direct insight into 
the structural changes in the bladder wall. The course of the changes may be guessed 
from changes between the first time point and repeat measurements. Indirect 
conclusions about changes in bladder structure might be drawn from changes in 
bladder compliance. For instance, a loss in compliance could point to thickening of the 
bladder wall. There remains a desire to gain more insight into what happened to a 
bladder before the first time it was studied. 
Our working hypothesis is that at any given time the bladder structure will reveal 
adaptation to the urodynamic history. Structural analysis of the bladder wall may be 
the key factor that could provide insight into this history. To test this hypothesis and 
to enable the use of structural analysis for determining historic bladder function we 
need to examine tissue from bladders of which the complete urodynamic 

Figure 2 
X-ray image of a video urodynamic study using a 
contrast agent. The dark spot in the upper half is 
the bladder, the urethra with a clearly visible 
catheter goes down from the bladder. 
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development is known at multiple time points from the start of bladder outlet 
obstruction (BOO) up to the point that structural analysis is performed. Since such 
data are not available clinically, we used an animal model for partial BOO. 
 
 
Urodynamic model 

Of all rodents, the anatomy and nervous system of the guinea pig bladder most 
resemble those of the human bladder [7]. Hence the choice of this animal for the 
PBOO model, besides the fact that the guinea pig is easy to handle in terms of size and 
character. This model was developed to perform single urodynamic measurements 
with pressure monitoring [8]. Later, this model was adapted to include also flow rate 
measurements and to allow for repeat measurements in each animal. The 
developments and findings of this evolved model are described in detail in previous 
work [9,10]. Here, this model and the urodynamic measurements are explained 
briefly. 
A PBOO was created in immature guinea pigs (approximately 300 grams) by 
surgically placing a silver jeweller’s ring (inner diameter 2.2 mm) loosely around the 
urethra. The presence of this ring caused fibrosis on the outer side that partially 
compressed the inner side of the urethra.  
The PBOO model allowed for controlled filling of the bladder and continuous 
monitoring of bladder pressure and urine flow rate. Animals were anaesthetized and 
the bladder was filled with sterile saline through a suprapubic catheter. Via this 
catheter bladder pressure was also measured. The urine flow rate was measured 
simultaneously with an ultrasound transducer around the penis as shown in figure 3. 
During measurement, pressure and flow rate were monitored continuously, so that 
unstable contractions could be observed and compliance and contractility could be 
calculated. 

Figure 3 
A urodynamic measurement in a sedated
guinea pig. The catheter enables filling of the
bladder with saline and measuring of intra-
vesical pressure simultaneously. Around the
penis is a very sensitive ultrasound flow probe
to measure urine flow rate upon voiding. 
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Just before the induction of PBOO, all animals were urodynamically measured for the 
first time (week 0). After PBOO, each animal was urodynamically measured once a 
week, thereby creating an individual time series of urodynamic measurements that 
reflected the development of bladder dysfunction. Figure 4 shows examples of 
urodynamic measurements in one animal just before placement of PBOO, at 2 weeks 
and at 10 weeks of obstruction. Directly after the last urodynamic measurement the 
animals were sacrificed and tissue was harvested to perform structural analysis by 
histochemistry. To study multiple stages in urodynamic changes correlated with 
structural changes, animals were sacrificed after different times of exposure to PBOO, 
ranging from 2 to 11 weeks. An important finding was that functional and structural 
changes did not develop synchronously. Therefore a correlation between function and 
structure but not between duration of obstruction and structural changes was found. 
The model also allowed for monitoring the course of bladder function changes after 
removal of the obstruction. At different degrees of bladder dysfunction the silver ring 
was surgically removed and urodynamic measurements were conducted for several 
weeks. By observing if the bladder would further deteriorate or regain normal 
function, we determined at which level of dysfunction the structural damage would 
become irreversible. 
Medical intervention is presently used in the clinic to suppress detrusor overactivity. 
We studied if medical intervention could also prevent deterioration of bladder 

C

A B 

Figure 4 
Urodynamic plots from one animal with bladder
pressure and urine flow rate as function of time.
A: First measurement before placement of
PBOO (week 0) with normal bladder pressure
and flow rate. 
B: At week 2 the abnormally high pressures
and flow rate during voiding, detrusor
overactivity and the slight increase of pressure
during filling (compliance ↓) denote altered
bladder function upon BOO. 
C: Further development of dysfunction with
very high bladder pressures, decreased urine
flow rate and even worse compliance.  
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function and structure upon BOO. Orally administered oxybutynin and aspirin in our 
animal model were tested for their effects on function and structure. 
 
 
The bladder 

The human bladder consists of three main layers, from the lumen outwards: The 
urothelium, the lamina propria and the detrusor muscle (Figure 5). The outside of the 
bladder is covered with a thin layer of connective tissue, called the serosa, which 
holds some blood vessels. The urothelium in both humans and guinea pigs consists of 
5 to 7 cell layers. At the basement membrane, which lies between the urothelium and 
the lamina propria and largely consists of collagen type IV, the undifferentiated basal 

Figure 5 
A schematic cross section of the
bladder wall showing the different
layers: transitional epithelium (better
known as urothelium), tunica (lamina)
propria, the three muscle layers
(detrusor) and the adventitium. 

A

B

C
Figure 6 
A. Scanning Electron Microscopy (SEM) image of isolated
collagen fibres from a Guinea pig bladder with normal function. 
B. EM image of isolated collagen fibres from a Guinea pig
bladder with abnormal function after partial outlet obstruction. 
C. Artistic impression of the pro-collagen strings in a helical
shape that form a collagen fiber (Julian Voss-Andreae's sculpture
Unraveling Collagen (2005), stainless steel, height 3.40 m). 
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urothelium cells are located. At the luminal side the urothelium is covered by large 
umbrella cells that form the barrier between the bladder tissue and urine. Urothelium 
cells are strongly distended when the bladder is filled. The lamina propria mainly 
consists of thick collagen fibres of types I and III. They have a helical form to allow for 
large distension (figure 6a&b). Furthermore, this layer accommodates the main blood 
vessels and nervous fibres that branch off to all areas of the bladder. The detrusor 
layer is built up from three sub-layers of smooth muscle: two layers with 
longitudinally arranged muscle fibres and in between these a layer with circularly 
arranged muscle fibres, though it often is difficult to clearly distinguish these layers. 
Blood vessels for oxygen supply and collagen fibres that provide strength are located 
in between the muscle fibres throughout the bladder. 
Upon PBOO, various changes in bladder wall structure occur that have been 
described in many studies. These changes include extra- and intra-muscle fibre 
collagen deposition [11, 12], changes in the ratio of collagen types I/III [13, 14], 
changes in myosin subtypes SM1/SM2 within muscle cells [15,16,17], changes in 
neuronal control of the bladder [18-20], changes in vascular density [21-23] and 
several molecular changes involving membrane and cytoskeleton proteins, ion 
channels, growth factors, enzyme activity and mitochondrial function [24-26]. In this 
thesis the role of total collagen deposition and invasion of collagen into the muscle 
layer correlated to loss of bladder function is briefly addressed. 
A second focus is put on the possible role of ischemia in the bladder wall as a 
mediator between the mechanical changes, high bladder pressure and low 
compliance, and damage to the bladder structure. It has been shown that ischemia 
may already occur when blood flow is (partially) blocked. In a normal bladder blood 
flow decreases transiently when the bladder pressure increases during voiding. In a 
low compliant bladder the arteries are compressed already by increased pressure 
during the filling phase [27]. The reduction in blood flow means a reduction in supply 
of oxygen. As the muscle cells exert force they will deplete the available oxygen and 
subsequently must resort to anaerobic action. This anaerobic action requires an 
alternative energy source, glycogen. With frequent recurrence of ischemic periods, 

Figure 7 
Left: PAS stain of bladder tissue
without glycogen granules (score
0), note the light magenta staining
of membranes. Right: PAS stain of
bladder tissue with glycogen
granules stained as dark magenta
spots all over the detrusor (score
3), more clearly seen in the
enlargements (5x) of the image in
the right bottom corner. 
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both during filling and urination, the bladder adapts to this by accumulation of 
intracellular glycogen granule deposits. In the presence of such glycogen deposits, 
ischemic damage to nerve fibres seems to be reduced [28]. These glycogen granules 
are clearly visible in standard histochemical stains such as the perjodic acid Schiff’s 
(PAS) stain (figure 7). Analysing glycogen content in bladder wall tissue with a 
history of PBOO will therefore be a useful tool for the determination of ischemic 
conditions. 
 
 
Determination of bladder structural changes 

The question of course is; what is lacking? One feature that has not been included in 
the current approach to diagnosis and treatment is the role of changes in bladder 
structure. Even though these changes are mostly obvious, there is insufficient 
knowledge of the relationship between specific changes in bladder structure and 
specific changes in bladder function, the risk of further loss in bladder function or the 
potential for reversal of bladder deterioration. This lack of knowledge is also due to 
the lack of proper methods and models to study these relationships.  
This thesis describes relationships between bladder structure and bladder function. In 
addition methods that may allow measurement of bladder structure in vivo in a non-
destructive manner that would enable follow-up of changes in bladder structure are 
explored. 
Relations between bladder function and bladder structure were studied by other 
groups using bladder material from an animal model in which obstruction was 
induced and removed and bladder function was followed weekly by urodynamic 
measurements (for details see ‘Urodynamic measurements’). Their focus was put on 
changes that related to bladder elasticity, like collagen content, and changes that may 
be connected to mechanisms of tissue damage and markers of ischemia. In many 
studies morphological changes in the nervous system, muscle cells and collagen 
composition and deposition have been described [11-17,24,25,29-36]. More recent 
studies reveal a role of ischemia, either as initiator or as a consequence, in many of 
these structural changes [27,37-41]. The latter represent adaptations of the bladder to 
its time span of changes in function. Analysis of bladder structure therefore deserves a 
place in clinical practice. But to make this practical, two requirements must be met. As 
stated above the relation between bladder structure and bladder function must be 
clear. But in addition the clinical burden posed by analysing bladder structure must 
be outweighed by the potential benefit derived from the information obtained. At 
present the latter requirement is not met, as current analysis techniques require 
obtaining bladder tissue from biopsy samples. 
With the ultimate goal of excluding the need for biopsies, we therefore explored the 
possibilities of Raman spectroscopy, a non-destructive optical technique to analyse the 
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biochemical composition of tissues. In this technique the tissue is illuminated with 
low-power monochromatic light and changes in colour of the scattered light are 
analysed. This can be done in vitro and in vivo. The details of this approach are 
explained hereafter. First it was determined if Raman spectroscopy could distinguish 
structural changes in bladder tissue based on biochemical information derived from 
the spectra. Then a study was performed on bladder tumor tissue, to further test the 
abilities of this technique. A significant advantage is that the technique requires no 
pre-treatment of the tissue. With the application of fibre optics this could enable in 
vivo biochemical analysis. This approach, however, is outside the scope of this thesis. 
The in vitro application proved its value as it revealed specific markers in the bladder 
wall that point to a role of ischemia in Bladder Outlet Obstruction (BOO). Since 
changes in bladder tissue structure reflect adaptation to a previous period of 
dysfunction we explored the specific role of bladder structure analysis to assess 
changes that occurred during a period that could not be monitored, e.g. prenatally. 
As mentioned earlier, ischemia caused by insufficient blood perfusion may occur at 
the very beginning of structural changes in the bladder upon BOO. Structural 
changes, for which the biochemical changes measured with Raman spectroscopy are 
markers, are secondary to this ischemia caused by reduced blood flow. Therefore the 
thesis ends with the recommendation to explore a technique that can monitor blood 
saturation in vivo using a minimally invasive and non-destructive technique during 
bladder filling and emptying.  
 
 
Raman spectroscopy 

The term ‘Raman spectroscopy’ is derived from its discoverer, the Indian physicist 
Chandrasekhara Venkata Raman (figure 8). 

 

Although Raman, together with co-worker K.S. Krishnan, was the first to demonstrate 
the principles behind this type of light scattering in 1928 [42], G.A. Smekal predicted 
the ‘Raman’ effect in 1923 on theoretical grounds [43]. Raman was awarded the Nobel 

Figure 8 
Chandrasekhara Venkata Raman (1888-1970) 
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Prize for physics in 1930 for describing the Raman scattering. The complete story of 
achieving the Nobel prize was published by Singh et al. [44]. It was only a matter of 
time or this effect would have had another name since two other physicists, G.S. 
Lansberg and L.I. Mandelshtam [45], were also trying to prove Smekal’s theory 
independently from Raman. They published their work just a few months later.  
 
Technical background 
The atoms in a molecule consist of an inner nucleus of protons and neurons and one 
or more outer shells of electrons. The bonds between atoms allow them to vibrate and 
rotate within the molecule. Light can be interpreted as a wave pattern of almost 
weightless electromagnetic energy carriers, photons. When a light beam is incident on 
a sample, the photons interact with the molecules of that sample and are scattered. 
There are three types of scattering: elastic Raleigh scattering, and inelastic Stokes and 
anti-Stokes Raman scattering. With Raleigh scattering there is no transfer of energy 
from the photon to the molecules in the sample. The equilibrium vibrational level of 

atoms in the molecule is unaffected and the scattered light has the same energy as the 
incoming light with the same wavelength (figure 9 a&b). Most scattering of light is 
Raleigh scattering; only 1 in 106 to 1 in 108 of the photons exhibit a change in energy. 
With Stokes Raman scattering a small part of the energy from the photon is 
transferred to the molecule and changes the vibrational level of the atoms. The energy 
of the scattered photon is reduced by the amount of energy received by the molecule, 
resulting in a lower frequency and thus a longer wavelength. Anti-Stokes Raman 
scattering is the opposite of Stokes Raman. Atoms in a molecule that are already in a 
higher vibrational level transfer energy to the photon, which is then scattered with a 
higher frequency, thus a shorter wavelength. 

A

B

Figure 9 
A. Energy diagrams of Raleigh
scattering, Stokes Raman
scattering, anti-Stokes Raman
scattering and infrared (IR)
absorption. λ Is the wavelength
of the incoming photon,  λ+∆ is
the increased wavelength due to
reduction of energy,  λ-∆ is the
decreased wavelength due to
input of energy. 
B. Schematic representation of a
CO2 molecule that undergoes
Raleigh scattering (left) and
Stokes Raman scattering. 
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When using a monochromatic light source, the wavelengths shifts in Raman scattering 
from a molecule can be detected. The magnitude of the wavelength shift depends on 
the type and strength of a bond between two specific atoms. Every molecule is a 
unique composition of atoms and therefore each molecule has a specific range of 
wavelength shifts. In theory a molecule can have 3N-6 vibrational levels, in which N is 
the number of atoms. But only when a bond between atoms in a molecule can form a 
dipole moment, a Raman effect occurs. This is expressed in the ability for polarization. 
Larger molecules usually have a larger polarization than smaller ones, hence more 
wavelength shifts. In a Raman spectrum the range of shifts from the incident 
monochromatic light is plotted along the x-axis and the intensity of each shift along 
the y-axis. Relative Raman shifts are calculated according to the formula: 
 
 
 
 
where λo = wavelength of incident light (in meters), λs = wavelength of scattered light 
and ∆cm-1 the Raman shift from the incident light. The Stokes and anti-Stokes parts of 
the Raman spectrum on both sides of the Raleigh scattering are symmetrical. But the 
intensity of Stokes Raman is higher than that of anti-Stokes Raman because at room 
temperature more molecules are at the ground (equilibrium) vibrational level than at a 
higher vibrational level. Therefore only the Stokes Raman part of the spectrum is used 
in the work described in this thesis and is henceforward referred to as ‘Raman 
spectrum’. 
 
In a Raman spectrum from a single molecule the intensity of bands depends on the 
ability for polarization of each atom bond. But in a Raman spectrum of a sample with 
a variety of molecules the intensity of bands also depends on the concentration of each 
molecule, the chemical bonds between them and environmental influences 
(temperature, acidity, etc.). From relatively simple molecules as urea and organic 
solvents up to large proteins and even complete parts of tissue, the complexity of a 

∆cm-1 =                            10-2 1 
λo 

1 
λs * 

Figure 10 
Raman spectrum measured on a frozen
section of bladder wall tissue (a.u. =
arbitrary units). Most tissues are
composed of a wide variety of different
molecules. Therefore a spectrum from
tissue contains a large number of bands
that may overlap. Comparison of
spectra from slightly different tissues
(e.g. ‘normal’ and ‘diseased’) require
computer controlled analysis. 
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Raman spectrum with more and more specific Raman shift bands increases (figure 
10). Since each type of tissue consists of a large specific range and concentration of 
molecules, a Raman spectrum from that tissue will also be very specific. For this 
reason the term ‘Raman fingerprint’ is often used. 
Instrumentation 
The instrumentation for Raman spectroscopic measurements is continuously 
evolving. When C.V. Raman discovered the ‘Raman’ effect, he used filtered sunlight 
as a monochromatic light source and the human eye as a detector. Much later a 
mercury arc lamp was applied but only when lasers as a powerful monochromatic 
light source became available in the nineteen sixties, the collection time of Raman 
spectra could be greatly shortened. Also in the detection path some major 
developments have taken place. Starting from the human eye, to photographic film 
and photo multipliers, nowadays charge coupled device (CCD) cameras are the 
standard. These developments reduced collection times but moreover improved 
accuracy and the convenience of this technique. Where measurement of a single 

Figure 11 
Photo-image of the Raman microspectrometer that was used for the measurements in all studies
in this thesis. 

Figure 12 
Schematic overview of the Raman
microspectrometer. Ar-ION = Argon-
ionised laser, Ti:sapph = tunable
titanium sapphire laser powered by the
Argon-ionised laser, L = lenses, OF =
optical fibres, CF = Chevron filter set,
DC = digital video camera, SPF = short
pass filter, MO = microscope objective
(80x, NA 0.75, NIR) MS computer
controlled x-y-z microscope stage, FC =
detailed enlargement of coupling of
Raman scatter signal into fibre optic
core (volume of beam that covers the
inner core determines confocallity), S =
spectrometer, PC = computer. 
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Raman spectrum initially took up to several hours or even days, nowadays (diode) 
lasers and CCD cameras allow for high signal to noise ratio (S/N) Raman spectra to be 
measured in the order of seconds or even less (figure 11). 
The instrument used in the Raman studies presented in this thesis consisted of an 
argon pumped tunable titanium-sapphire laser and a microscope that was attached to 
a spectrometer, a so-called microspectrometer. Laser light with a wavelength of 
around 845 nm was focused onto the sample through an infrared-optimized 
microscope objective. The Raman scattering was collected through the same objective, 
separated from the incident light by optical filters and guided to a spectrometer with a 
confocal signal collection geometry as displayed in figure 12. In this way only Raman 
signals from very small sample volumes could be obtained. The measurement volume 
of a confocal Raman set-up is dependent on the microscope objective and the coupling 
of guiding fibres to the spectrometer. In the set-up used in this thesis the measurement 
volume was shaped as a vertical cylindrical form with about 2-3 µm in lateral 
direction and 1 µm in diameter. This enabled accurate positioned signal collection 
from frozen tissue sections, a key feature for Raman spectroscopic mapping. 
Raman mapping was done on frozen sections of bladder tissue without pre-treatment 
of any kind other than freezing and cutting. With the use of an automated sample 
stage on the microscope a rectangular measurement area (grid) was selected that 
comprised all tissue slide sections of interest. This grid was then divided in small 
squares, called grid elements. In each of these grid elements one Raman spectrum was 

Figure 13 
Typical result of a Raman
spectroscopic map, with a photo-
image of the exact tissue area
being measured (A), color
labelling from each cluster on the
original location of each spectra
belonging to a cluster in the grid,
resulting in a Raman
spectroscopic map (b), the same
tissue as photographed in ‘a’ but
now stained with a PAS stain (c)
and cluster averaged spectra (d).
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measured. Figure 13a shows a grid with grid elements displayed on an untreated 
20 µm thick frozen section of testis tissue. 
After Raman shift calibration and background signal correction, the Raman spectral 
data was interpreted using clustering analysis. In this way clusters of spectra were 
formed with similar spectral characteristics. Each group of spectra was assigned a 
color. Coloring all grid elements in a digital image of the grid, with the color of the 
cluster to which the measured spectrum belonged to, created a Raman map (figure 
13b). For analysis of bladder wall tissue, the number of clusters may be chosen based 
on the number of layers, e.g. urothelium, connective tissue and muscle tissue. 
Choosing more clusters may reveal subgroups in one layer. This allows the detection 
of specific (unknown) biochemical components within their original bio-environment 
in a tissue sample that would have been missed in routine histology and immuno-
histochemistry (figure 13c). Averaged spectra of each cluster are plotted in figure 13d. 
Although Raman spectroscopy has its roots in the late nineteen twenties, the 
combination of developments in monochromatic light sources, detection equipment, 
optical designs and computers with dedicated software to process the vast amount of 
spectral data in a structured manner, was needed to enable the use of Raman 
spectroscopy in biomedical research in the last fifteen years. Ongoing development, 
fuelled by research as presented in this thesis, allow this technique to be used in 
various clinical applications. 
 
 
Scope of this thesis 

The general scope of this thesis is to describe the relation between function and 
structure in normal bladders and bladders with a partial outlet obstruction. Two 
major study outlines are included that both relied on an animal model that simulates 
partial bladder outlet obstruction in young children. This model, for which Guinea 
pigs were used, is described in detail in section ‘Urodynamic model’ of this chapter. 
These two studies clarify the reason for and the possibility and benefit of using 
structural analysis for clinical monitoring of bladder function. Preliminary outcomes 
appear promising and monitoring bladder structure in a non-destructive and in vivo 
clinical application is subject for further research. 
The first study outline was focused on the relation between bladder function and 
structure using urodynamic measurements and histochemical analysis of structure. In 
chapter 2 the histochemical analysis of bladder tissue from an animal model under 
various conditions of BOO is described. Here, the relation between bladder wall 
damage and the complete time-path of bladder functional changes was determined. A 
central element was the histochemical analysis of glycogen accumulation. Literature 
data suggests that glycogen accumulation is related to ischemia in muscle tissue [18, 
46]. It can be detected both with simple histological staining techniques and Raman 
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spectroscopy. Actually the latter technique revealed that glycogen accumulation 
might be an indicator for previously existing ischemia. With detrusor tissue from 
either urodynamically normal animals and from animals with urethral obstruction, 
the correlation between the amount and location of glycogen accumulation in the 
detrusor and the stage of functional changes was studied. Subsequently, chapter 3 
describes the changes in glycogen deposition after removal of the urethral obstruction. 
Chapters 4 and 5 describe how glycogen deposition is influenced by a known 
therapeutic agent, oxybutynin and an agent that is expected to affect ischemia, 
acetylsalycylic acid (aspirin). In chapter 6 the data from chapters 4 and 5 is re-
evaluated to assess which urodynamic variables correlate best with ischemia. 
The second study outline was focussed on characterizing changes in bladder wall 
structure with Raman spectroscopy. With in vitro Raman spectroscopic mapping of 
frozen sections of bladder tissue a detailed molecular analysis can be made. The 
principles of Raman spectroscopy and mapping are explained in detail in section 
‘Raman spectroscopy’ of this chapter. 
In chapter 7 the Raman mapping technique was applied to bladder tissue. It is shown 
that the different layers in the normal bladder wall are distinguished in exact 
accordance with the histology. In the following chapter the differences between 
Raman map measurements on unobstructed and obstructed bladder tissue sections 
have been analysed. This revealed collagen infiltration and glycogen accumulation. 
Chapter 9 describes a study to determine if Raman spectroscopy can discriminate 
between healthy and diseased tissues in human material. Therefore we applied this 
technique on frozen sections of biopsies from non-tumor and tumor bladder. Detailed 
analysis of the spectra from this data revealed biochemical differences between non-
tumor and tumor tissue that were also described in literature, providing a proof of 
concept. 
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Abstract 

Objective: To assess the relationship between glycogen content in bladder detrusor 
tissue and historical bladder function in a guinea-pig model of partial bladder outlet 
obstruction (PBOO). 
Materials and methods: In male immature guinea pigs PBOO was created with a silver 
ring around the proximal urethra; a control group had a sham operation for 
comparison. Longitudinal individual urodynamic data were obtained weekly, so that 
guinea pigs were killed at different levels of bladder dysfunction. Bladder sections 
were stained with periodic acid-Schiff (PAS) to assess overall morphology and 
glycogen granule density, scored from 0 (no glycogen) to 3. Glycogen scores were 
related to both the end-stage and historical extremes of bladder function values. 
Results: Glycogen granules were seen only in the detrusor; as their number increased 
their location expanded from only close to the serosa (glycogen score 1), through the 
detrusor (score 2) up to the urothelium (glycogen score 3). A glycogen score of 0 
correlated with normal values for all urodynamic variables. Compared with a 
glycogen score of 0 a score of 1 correlated with significant (P < 0.05) changes in end-
stage compliance (decrease) and contractility (increase) and significantly higher 
historical values for contractility, pressure and number of unstable contractions 
(NUC). In the group with a glycogen score of 2 there were significant changes in both 
the end-stage values and historical extremes for compliance, pressure, contractility 
and NUC (all P < 0.05). In the group with a glycogen score of 3 all these changes were 
even more dramatic, except for the end-stage contractility, for which the increase was 
not significant. From glycogen score 0 to score 3 all changes increased in magnitude. 
Conclusion: A high glycogen content reflects a history of abnormal urodynamic 
function. This finding exemplifies the added value of structural analysis to 
urodynamic studies. Further studies are needed to relate bladder structure to the 
potential for functional recovery. 
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Introduction 

Functional bladder failure in infants has been well described as a major cause of 
ultimate kidney failure. Examples of this bladder failure are myelomeningocele (spina 
bifida), bladder exstrophy and partial bladder outlet obstruction (PBOO). PBOO, 
mainly caused by PUV, is diagnosed antenatally by ultrasonography or postnatally by 
cystography and direct visualization with cystoscopy. The treatment option is 
straightforward; in most cases endoscopic valve ablation followed by monitoring of 
bladder and kidney function is warranted. 
However, the follow-up can be more difficult; after valve ablation bladder function 
will stabilize or even improve in many cases, but in some patients it deteriorates 
further. How to predict and monitor bladder function after valve ablation has been the 
subject of many studies [1–7], but they have not yet led to a clinical tool that predicts 
bladder outcome. The best option at present is to closely monitor bladder function 
after valve ablation and select cases of deterioration as they present [5]. Inherently this 
can lead to loss of valuable time. In addition, invasive urodynamic studies are difficult 
to conduct in young children. 
The crux of this clinical problem might be the lack of insight into bladder function 
before de-obstruction. At best, urodynamic data from one sample time before valve 
ablation are available; what happened prenatally is unclear. 
In an animal model of partial urethral obstruction the complete path of deterioration 
in bladder function can be followed in individual animals. We have shown that 
urodynamic data from one sample time do not clarify how far a bladder has 
proceeded along the path of functional deterioration [8,9]. Insight into the complete 
urodynamic history of the bladder is essential; unfortunately this cannot be obtained 
in children. 
We hypothesized that changes in bladder tissue composition might reflect the pre-
existing abnormalities in bladder function. The controlled conditions of our animal 
model for urethral obstruction provide us with bladder tissue for which the complete 
time path of changes in bladder function is known [8,9]. By harvesting bladder tissue 
from this model at different levels of bladder dysfunction, the relation between 
obstructive functional and structural changes can be established. 
We focused on the level of glycogen deposition, in the form of granules within the 
detrusor smooth muscle cells. Glycogen accumulation in detrusor smooth muscle has 
been connected with hypertrophy for several decades [10]. More recently, glycogen 
accumulation is linked to adaptation of the detrusor to ischaemia induced by high 
bladder pressure [11–14]. It was proposed that when the bladder pressure exceeds 
capillary pressure, blood capillaries in the bladder wall become compressed and the 
affected muscle cells are forced to work in anaerobic conditions [13], and to use 
glycogen as energy source. Pessina et al. [15] reported a decrease in glycogen levels in 
isolated bladder detrusor smooth muscle strips of human, monkey and guinea pig 
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after a period of hypoxia. In the whole organ this in vitro effect of glycogen depletion 
paradoxically will be visible as the appearance of glycogen stores, as the bladder 
adapts to recurring periods of ischaemia induced high glycogen consumption. The 
more ischaemic periods that have occurred, the more glycogen granules will appear. 
In the present study glycogen granules were visualized using periodic acid-Schiff 
(PAS) stain, scoring four levels of glycogen deposition, ranging from no glycogen 
granules within smooth muscle cells to dense glycogen accumulation, and correlated 
these findings with the urodynamic history of the bladders. 
 
 
Materials and methods 

Bladder tissue was obtained from a guinea-pig model of PUV; to allow for a 
urodynamic follow-up from the start of PBOO, and be able to surgically apply PBOO, 
the guinea pigs had to weigh �300 g (�6 weeks old). The model was extensively 
described previously [8,9]. Briefly, bladder pressure was measured in each guinea pig 
through a suprapubic bladder catheter, and the urinary flow rate was measured using 
an ultrasound flow probe attached loosely around the penis. This was done weekly, 
starting just before imposing PBOO and ending just before the animal was killed. The 
guinea pigs were killed at different times to provide several levels of functional 
change in the bladders with PBOO. Table 1 gives an overview of the protocol, with the 
number of guinea pigs with PBOO and controls killed each week. From the weekly 

urodynamic data the number of unstable contractions (NUC), bladder pressure at 
maximum flow rate (pQmax), contractility (Wmax) and compliance (mL/cmH2O) were 
calculated. Compliance was calculated as Δ infused volume/Δ bladder pressure, and 
the contractility calculated according to Griffith et al. [16]. An unstable contraction was 
defined as one with a bladder pressure of > 10 cmH2O (a third of the mean normal 
voiding pressure in these guinea pigs) unaccompanied by actual bladder emptying. 
Bladder tissues were snap-frozen in liquid nitrogen-cooled isopentane and stored at –
 80 °C until use. About half of each bladder tissue sample was later fixed in 10% 
buffered formalin (pH 7.4) and embedded in paraffin wax for sectioning. Cross-
sections of 4 µm covering all bladder wall layers were made for staining. In total we 

Table 1 
The number of obstructed guinea pigs and sham-
operated and control guinea pigs killed each week.
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used tissue from 39 guinea pigs, i.e. nine control/sham-operated and 30 obstructed, for 
variable periods. 
The PAS stain is routinely use for visualizing sugar moieties, and provides an insight 
into the general structure, comparable to haematoxylin and eosin staining, combined 
with specific information on granular glycogen deposits. The number of glycogen 
granules staining in bladder sections was scored using light microscopy. Three 
researchers scored the bladder sections while unaware of origin, with scores of 0 
(minimal staining) to 1 (little staining), 2 (strong staining) and 3 (maximum staining). 
The abundance of the staining correlated with the site of glycogen deposition; a score 
of 1 represented light glycogen granule staining only at the serosal side; a score of 2 
represented more intense staining, where glycogen granules were found deeper into 
the muscle layer; a score of 3 represented strong staining of glycogen granules that 
were present throughout the muscle layer. With four scoring groups we could 
combine good differentiation of the amount of glycogen with group sizes that allow 
statistical analysis. 
The glycogen scores were correlated with the urodynamic data in two ways. First, 
with the urodynamic variables measured immediately before harvesting the tissue, 
termed the ‘end-stage’ urodynamic variables. This reflects the clinical situation, where 
a biopsy is taken after a urodynamic study. Second, the glycogen scores were 
correlated with the extremes of all urodynamic variables measured in the weeks 
before death. Thus we used the highest value ever reached for contractility, bladder 
pressure and NUC, and the lowest compliance value. This was intended to provide 
information on whether tissue composition reflected the history of bladder function. 
The distribution of most of the urodynamic variables was skewed because there were 
very low or high values from individual guinea pigs, and thus we used the median 
values with the 5%, 25%, 75% and 95% percentiles, rather than the mean (SD) for each 
urodynamic variable. The data are presented as box-whisker plots that visualize the 
distribution within data, showing the median as a bar with a box representing the 25% 
and 75% percentiles, and whiskers for the 5% and 95% percentiles. The Mann Whitney 
U-test was used to determine the significance of differences in urodynamic variables 
between the groups with a glycogen group of 0 and the groups with other glycogen 
scores. 

Table 2 
Glycogen scoring on control/sham-operated and obstructed bladder detrusor tissue sections. 



Chapter 2 

 36 

Results 

For glycogen scoring, the inter-observer differences for one tissue sample were < 1 
score value; the results of the three observers were averaged to obtain the mean score 
for each tissue. Table 2 shows the distribution of the 39 bladder tissues (nine 
control/sham-operated, 30 obstruction) over the four glycogen score groups. The site 
of glycogen deposition expanded as there were more stained granules. Figure 1a 

shows a tissue with glycogen score 0, i.e. no glycogen granules visible. For glycogen 
score 1 there were a few glycogen granules only close to the serosa in the detrusor 
layer, accentuated by dotted circles in Fig. 1b. For glycogen score 2 the amount of 
staining was clearly greater (Fig. 1c) and granules appear deeper into the muscle layer 
towards the urothelium. Glycogen score 3 had the most stained granules, which were 
visible throughout the whole detrusor layer. Figure 1d shows glycogen granules in 
muscle cells directly near the lamina propria, accentuated by a dotted circle. Overall, 
with increasing accumulation the site of glycogen deposition increased from only 
close to the serosa up to the lamina propria. Glycogen granules always appeared 
within the cytoplasm of muscle cells. 
Figure 2a shows the positive correlation between the glycogen score and the duration 
of PBOO; a glycogen score of 0 was found mostly in sham-operated guinea pigs. Two 
guinea pigs with 2 weeks of obstruction also scored zero, but these data were outside 
the 95% range and therefore not plotted. The glycogen scores 1, 2 and 3 represent 
groups of guinea pigs with progressive significant increases in the duration of PBOO. 
While this trend is clear for the groups as a whole, the wide distribution in the data 
indicates that the individual response is variable. In the group with a glycogen score 
of 2 the 5–95% percentiles are at 0 and 10 weeks. 

Figure 1 
Examples of PAS stains
with scores 0 (a), 1 (b), 2
(c) and 3 (d). D, detrusor
layer; S, serosa; LP,
lamina propria; and U,
urothelium. Dotted
circles show the small
groups of glycogen
granules. Bar = 200 µm.
Color image: see
appendix 
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Figure 2 
Box-whisker plots of the correlation between glycogen scores and: a, the number of weeks of 
obstruction (*P < 0.05 vs glycogen score 0); b, bladder pressures; c, bladder contractility; d, NUC; 
e, bladder compliance; and f, residual volumes. In plots b–f, the light grey bars represent the end-
stage value and the dark grey bars the highest achieved values, with *P < 0.05 vs glycogen score 
0 for end-stage and highest achieved values, respectively. 
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Figure 2b shows the correlation between the glycogen score and both the end-stage 
bladder pressure and the highest bladder pressure during the course of PBOO. The 
median values of both the end-stage bladder pressure and the highest bladder 
pressure were significantly higher in the groups with a glycogen score of 2 and 3 than 
in that with glycogen score 0. The median pressure in the glycogen score 1 group was 
increased, but not significantly different, from that in the glycogen score 0 group. 
Compared with the glycogen score 0 group the median of the highest achieved 
contractility was significantly greater all other three groups (Fig. 2c). The same was 
true for the median of the end-stage contractility in the glycogen score 1 and 2 groups. 
The increase in the end-stage contractility in the glycogen score 3 group was not 
significant. This group of five guinea pigs contains one outlier with an end-stage 
contractility of 2.50, which is even below the minimum value of end-stage contractility 
at glycogen score 0 (2.53). (As this outlier is outside the 5% percentile it is not plotted 
but was included in the dataset for statistics). We previously reported that during 
obstruction the bladder contractility reaches a plateau value at which it remains stable 
for some time and from which it finally starts to decline again. The outlier here 
represents a guinea pig that has passed the peak contractility and reached a state of 
reduced contractility. Possibly this bladder is entering a state of decompensation after 
a history of a high contractility that is still reflected in its high glycogen score. 
The medians of both end-stage NUC and highest achieved NUC tended to increase 
with increasing glycogen score (Fig. 2d). At a glycogen score of 2 and 3 the increase 
compared with the glycogen score 0 group was significant for both the end-stage and 
highest achieved NUC. In the glycogen score 0 groups some guinea pigs had unstable 
contractions at some point, but the median values for both end-stage and highest 
achieved NUC were zero. Both end-stage and highest achieved NUC increased with 
increasing glycogen score. 
Both end-stage compliance and lowest measured compliance decreased progressively 
with increasing glycogen score (Fig. 2e). Compared to the glycogen score 0 group the 
decrease was significant for both variables in all three glycogen groups, except for the 
lowest achieved compliance in the glycogen score 1 group. The latter decrease was not 
significant due to a large upward spread in the glycogen 1 group; this is intrinsic to 
compliance. In a normal guinea pig bladder, with compliance values of ��1, the 
increase in bladder pressure during filling is 0.1–0.3 cmH2O. A small error in bladder 
pressure measurement will greatly affect the calculated compliance value. In a 
bladder with decreased compliance the increase in bladder pressure during filling is 
usually > 1 and sometimes approaches 20 cm H2O. Errors of similar magnitude then 
have little effect on the calculated compliance. This explains the wide distribution in 
the data of the glycogen 0 group vs. the small distribution in values of the glycogen 3 
group. The bladder residual volumes did not differ significantly among the four 
glycogen score groups (Fig. 2f). 



Detrusor glycogen in bladders with partial outlet obstruction 

 39

Figure 3 shows the end-stage and maximum achieved urodynamic values for two 
guinea pigs where the glycogen score was 1 and 3, respectively. On the basis of the 
end-stage urodynamic values both guinea pigs cannot be distinguished, but their 
historical values differ greatly. 
 

 
 
 
 
Discussion 

In patients with neurogenic and structural BOO the urologist is faced with the task of 
preventing any loss of bladder function. In patients with functional BOO the original 
cause, PUV, can be treated successfully but the patients start with an already 
abnormally functioning bladder. However, a neurogenic bladder usually starts with 
normal function but is at risk of losing function due to bladder overactivity and/or 
detrusor-sphincter dyssynergia. To conserve bladder function, the treatment and 
follow-up for both patient groups are usually based on (combinations of) 
anticholinergics, antibiotics, clean intermittent catheterization and periodic 
urodynamic assessment of bladder function. This approach is effective but not for all 
patients. A major problem is how to identify those patients at risk of losing bladder 
function. To solve this problem several questions must be addressed. By what 
mechanism and time course does a bladder change from normal function to 
dysfunction? How can the stage of deterioration of a specific bladder be determined 
and placed on this time course of functional loss? Can this information be linked to 
the potential to conserve or even regain function? 

Figure 3 
Examples of bladder tissue glycogen scores 1 and 3 with corresponding urodynamics for end-
stage (light grey) and maximum achieved (dark grey) values. 
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The answers must come from an analysis of bladder function and structure, but the 
number of biopsies and urodynamic studies needed limit this approach. Furthermore, 
part of the deterioration in bladder function occurs beyond the reach of diagnostic 
tools, in the fetus. For these reasons we previously devised an animal model to study 
how bladder function develops after placing a urethral obstruction. The advantage of 
this model is that urodynamic investigations are possible weekly and bladder tissue is 
available for analysis of its structure. This model allowed us to describe the time 
course by which a bladder deteriorates from normal function to hypercontractility and 
noncompliance or even to acontractility [8,9]. An interesting aspect of these results 
was that we could describe the condition of the individual bladders, knowing their 
complete urodynamic history. However, we could not determine how far a bladder 
had deteriorated using only the data from one urodynamic study and being unaware 
of the functional history of that bladder. This reflects the clinical situation, where the 
urologist must rely on a urodynamic study at one sample time to describe the 
functional situation of the whole period before that analysis. Previous deviations from 
this registration will be missed. 
However, the bladder tissue will reflect adaptation to those previous situations. Our 
working hypothesis is thus that the structure of a bladder reflects adaptation to 
previous anomalies in its function. In particular we focused on the accumulation of 
glycogen granules, which is correlated with adaptation to ischaemic conditions. In 
other tissues glycogen stores have also been connected with ischaemia, e.g. in chronic 
high-altitude hypoxia in fetal hearts [17]. In the bladder, ischaemia might also 
underlie the nerve damage [15,18,19], the angiogenesis [20,21] and the increase in the 
myosin subtypes SM1/SM2 ratio in muscle cells, that were described for the 
obstructed bladder [22–24]. 
In the present study we showed that the extent and the pattern of glycogen deposition 
in a bladder is related to its urodynamic function at the time when the tissue was 
taken, but more so to the historical developments in function. The glycogen score 
increased both with increasing severity of historical bladder dysfunction and 
increased duration of obstruction. In experimental models of BOO the individual 
animals differ in the extent and rate of their response to obstruction [20]. The glycogen 
score is less affected by these individual variations and appears to reflect the 
combined result of the severity and duration of the obstruction. In the clinical 
situation the glycogen score might thus help in deciding how far a bladder has 
deteriorated and might provide an insight into the history of that bladder. The 
glycogen score might help to differentiate a bladder that has passed its peak in 
compensation from one that is still in its compensatory phase. Both might yield 
comparable values for bladder pressure, compliance and contractility, but different 
glycogen scores. A high glycogen score would then indicate a bladder that has passed 
its peak in adaptation. A clear example of this is shown in Fig. 3; two guinea pigs 
cannot be distinguished by their end-stage urodynamic values, but differed in their 
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glycogen score that reflects their very different urodynamic histories. Whether a high 
glycogen score also means that a bladder has less potential for functional recovery is a 
question for further research. 
While in the clinic a residual volume is associated with abnormal bladder function, 
there were no significant changes in residual function in the present model. The main 
reason is that unobstructed guinea pigs already have a large residual volume. 
Whether this is an experimental feature, e.g. related to anaesthesia, or a normal 
feature of the guinea pig, is not known. 
The present data also shed light on the mechanism by which an obstructed bladder 
changes in function and structure. We found that a high glycogen content was related 
more to a history of high contractility than to the end value of the contractility. 
Although clinicians do not routinely involve bladder contractility when they assess 
bladder function, this variable was useful for elucidating the mechanism by which a 
bladder loses function. The decreased relation between glycogen content and end-
stage contractility was apparent in individual guinea pigs that had passed the stage 
with high contractility and already had deteriorating bladder contractility [9]. As long 
as there remains muscle tissue that must work under ischaemic conditions these stores 
will remain. Possibly the glycogen stores might disappear in bladders that become 
completely acontractile. 
The occurrence of ischaemia during obstruction might also explain the apparent 
discrepancy between our finding that the contractility of the bladder as a whole 
increases in response to obstruction, while Levin et al. [25] found that bladder muscle 
strips in vitro lose contractility under ischaemic conditions. Possibly the individual 
muscle cells work less efficiently under the ischaemic conditions and the bladder 
compensates for this intrinsic loss by increasing the total muscle mass. Apparently this 
increase in muscle mass is limited and therefore at some stage a maximum bladder 
contractility is reached. This might be the point after which continuing ischaemic 
pressure can no longer be compensated by the bladder, and the bladder will start to 
lose its ability to produce the pressure needed to empty itself against the existing 
urethral resistance. If this proposed mechanism is valid, the relief of ischaemia in a 
compensated bladder should result in an immediate increase in its contractility, as the 
increased muscle mass can work under the more efficient aerobic conditions. 
However, at some point the changes might become less reversible, e.g. when the 
change in myosin subtypes has proceeded too far, or when adaptation of the collagen 
matrix to the new situation of increased muscle mass and high pressures has 
proceeded too far. At that point the potential of the bladder to regenerate its function 
might be reduced. Further research must determine whether the occurrence of 
glycogen deposits in the detrusor near the lamina propria is an indicator of such a 
point of no return. Presently we are therefore studying the effect of de-obstruction at 
different levels of bladder function loss in the guinea pig model. 
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In conclusion, structural analysis such as reported here using PAS stain can give 
information on pre-existing bladder function. In the clinic this could be valuable, as 
urodynamic data alone are insufficient to completely characterize the degree of 
bladder damage in an individual patient. Combined with the current development of 
non-destructive, fibre-optic based Raman spectroscopy for in vivo tissue analysis, that 
obviate the need for biopsies, such data would greatly assist the application of 
structural analysis in the clinic. 
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Abstract 

Aims: To determine if detrusor glycogen content in a bladder after removal of a 
urethral obstruction reflects the situation of bladder dysfunction as it existed during 
the period of obstruction. 
Methods: The glycogen content of the detrusor was scored using a Periodic Acid 
Schiff’s (PAS) staining. It was related to the functional history of the bladder. Bladder 
tissue was obtained from a guinea-pig model for posterior urethral valves where 
animals had been obstructed for up to 10 weeks, de-obstructed and allowed to recover 
for 2-8 weeks. Bladder urodynamic function had been documented with multiple 
measurements for the complete period of obstruction and de-obstruction.  
Results: The degree of glycogen deposition in a bladder after de-obstruction correlated 
directly with bladder function during obstruction. The strongest glycogen deposition 
was found in bladders having experienced the highest pressures, most instabilities, 
lowest compliance and highest contractility. In contrast, the bladder glycogen content 
was not related to the function of the bladder at the day the tissue was obtained, 
except for a relation between high glycogen content and continuing low compliance. 
Conclusions: The glycogen content of a bladder reflects the history of bladder 
dysfunction, also when measured during a recovery period. This window on the 
functional history of a bladder may be of clinical value for picking out potential bad-
responders to therapy in patients with incomplete data on bladder function during a 
previous period of bladder obstruction. 
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Introduction 

Congenital urethral valves and a dysfunctional sphincter after spina bifida are the two 
major causes for a partial urethral obstruction in children. These are accompanied by a 
number of complications such as increase in contractility and loss of compliance. A 
deficiency in oxygen rich blood supply, also known as ischemia can cause damage to 
the neurological system and result in overactive bladder. When the cause of the 
obstruction is removed in time, the bladder can recover and no further consequences 
occur. However, when the development of bladder wall damage during obstruction 
progressed for a long time, a recovery of normal bladder function is no longer 
possible. For this reason, children with a partial bladder outlet obstruction (PBOO) are 
still at risk for reflux related kidney damage. Guarding the bladder function is a 
pivotal element of their treatment [1]. This treatment may furthermore include clean 
intermittent catheterization, intervention with anticholinergics or training of voiding. 
The success of this treatment (surgically and/or pharmacologically) depends on early 
recognition of the obstruction, diagnosis of the severity of the bladder dysfunction 
and accurate follow-up of bladder function. This success is currently large but not 
complete. Continuing loss of bladder and renal function is still encountered [2, 3]. The 
presence of PBOO problems is usually recognized pre-natal by echography or soon 
after birth. The severity of the obstructive changes in bladder function can be 
documented with urodynamic investigations. Unfortunately, during the pre-natal 
period as well as in very young and non-toilet trained children standard (video) 
urodynamic data is impossible or difficult to obtain. This frustrates the initiation and 
follow-up of treatment both in patients born with an anatomical obstruction that can 
be removed, like urethral valves, and in patients with inborn neurogenic bladder 
dysfunction in whom the obstruction remains present. 
The accuracy of diagnosis may thus be improved when early assessment of the 
severity of bladder function deterioration becomes possible and when it is established 
what such changes mean for  
the potential for recovery of bladder function. In concept, a bladder that has been 
severely dysfunctional for a prolonged time and is reaching a decompensated phase 
may have less potential for recovery of function than a bladder that has just entered 
dysfunction. This is subscribed by data from pre-natal de-obstruction performed in 
fetal sheep [4, 5]. In clinical practice urodynamic investigations are insufficient to 
predict the ability of the bladder to rehabilitate after de-obstruction [6]. Previously we 
have simulated this problem in an animal model where the complete urodynamic 
function of a bladder was followed both during BOO and during a period after 
removal of the obstruction. The severity of bladder damage can be exactly described 
on basis of the complete data set from both periods [7]. However, when blinded to the 
developments that occurred during obstruction and relying only on one urodynamic 
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measurement, it is impossible to distinguish a bladder that just entered the path of 
functional loss from a bladder that is close to decompensation. 
One way of revealing the history of bladder dysfunction may be analysis of the 
bladder structure. The tissue of a bladder will have adapted to its previous 
dysfunction. For instance, it is well known that high bladder pressure induces 
adaptive changes in the bladder structure [8] that in the long term are visible as 
muscle enlargement [9,10] and collagen deposition. Other studies have shown that 
ischemia in the bladder wall may enhance bladder dysfunction [11, 12]. Glycogen 
deposition may be a marker for this. During ischemia glycogen is used as an 
alternative energy supplier [13]. Upon chronic ischemic periods the bladder may 
adapt to this by increasing the amount of glycogen stored in muscle cells. We 
previously examined the intensity of glycogen deposition in the tissue from guinea 
pigs that had surgically induced PBOO for various periods of time [14]. We found that 
an increase in glycogen deposits correlated with an increase in bladder abnormality: 
decreasing compliance and increasing bladder contractility, pressure at maximum 
flow and the number of unstable contractions. This was true for the situation at the 
time of tissue collection. Interestingly, an even better correlation of the glycogen score 
was found with the degree of bladder dysfunction previous to the time of tissue 
collection. When comparing a bladder that had just started to deteriorate to a bladder 
that was near decompensation, both could not be definitely distinguished from each 
other on basis of their end-point function. They did, however, differ greatly in PAS 
staining intensity. This raised the hope that analysis of the bladder structure and more 
specifically the glycogen content can be used in the prognosis of functional recovery 
after removal of an obstruction. 
Here we studied how detrusor glycogen content changes after removal of a urethral 
obstruction: it may either reflect historic urodynamic function before de-obstruction or 
it may reflect bladder function measured after de-obstruction. In addition we 
established how the changes in bladder function after de-obstruction relate to the 
degree of glycogen deposition at the time of de-obstruction.  
 
 
Materials and Methods 

Tissue collection 
Bladder tissue was obtained from our PBOO animal model using guinea pigs. The 
model was extensively described in previous articles [15, 16]. In short, with surgery a 
partial outlet obstruction was created by placing a silver ring around the urethra. The 
ring causes fibrosis on the outer side of the urethra. This fibrosis, together with the 
ring, restricts the normal expansion of the urethra as urine is pushed through by 
bladder contraction, hence a partial obstruction. Bladder pressure was measured 
through a suprapubic bladder catheter and urine flow rate was measured by means of 
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an ultrasound flow probe attached loosely around the penis. From the measured 
pressure/flow data the number of unstable contractions (NUC), bladder pressure at 
maximum flow rate (pQmax), contractility (Wmax) and compliance (ml H2O/ cm H2O) 
were calculated. Compliance was calculated as Δ infused volume/Δ bladder pressure. 
Contractility was calculated according to Griffith et al. [17]. An unstable contraction 
was defined as a contraction with a bladder pressure of >10 cm H2O (one-third of the 
average normal voiding pressure in our animals) unaccompanied by actual bladder 
emptying. 
To achieve different levels of functional changes upon PBOO, we applied different 
time-periods of obstruction [7]. This previous study showed that although the level of 
functional changes is related to the length of the obstructive period individual 
variation in the response to PBOO does occur. Since each animal was urodynamically 
monitored each weak, the rate of functional changes rather than the duration of 
obstruction was used as measure to decide the time of sacrifice. Therefore we have 
also chosen to correlate the urodynamic changes as a variable to structural changes 
reflected by the glycogen scores. This monitoring also prevented appearance of 
uremic conditions after complete obstruction since this would have been detected in 
time. 
At different levels of functional changes the silver ring was surgically removed. This 
allowed the urethra to extend again. Bladder functional monitoring with urodynamic 
measurements continued. At a maximum of 11 weeks after de-obstruction 
Bladder tissues were snap-frozen and stored at –80°C until use. Approximately half of 
each bladder tissue was later fixated in 10% buffered formalin (pH 7.4) and embedded 
in paraffin for sectioning. Cross-sections of 4 µm covering all bladder wall layers were 
made for staining with periodate acid Schiff’s protocol (PAS). Tissues from 10 sham / 
control animals and 28 obstructed & de-obstructed animals were used, in total 38. 
 
Histochemical stains 
The PAS stain is a routine procedure to visualize sugar moieties. It gives insight into 
the general structure, comparable to a Haematoxylin - Eosin stain, combined to 
specific insight into granular glycogen deposits. The number of stained granules was 
counted and scored. Three researchers scored the bladder sections in a blinded 
fashion. The obtained glycogen score ranged from 0, no staining of glycogen granules 
to 3, the most intense staining. Previously we found that an increase in glycogen score 
coincided with a change in the location of deposition, from only the serosal side at a 
score of 1 to increasingly throughout the muscle at score 2 and intense staining up to 
the urothelium at the score of 3 [14]. In this study the scoring was therefore based on 
both the intensity and the distribution of glycogen granules. Thus we obtained four 
“glycogen score” groups that were then analyzed for differences in bladder function.  
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Graphs and statistics 
Our hypothesis was that the glycogen scores reflect functional changes upon PBOO 
even after a time of de-obstruction. Therefore, urodynamic variables were plotted at 
three different periods during the experiment and compared to the glycogen scores. 
The highest achieved values for all urodynamic variables are measured in the weeks 
of obstruction to indicate how extreme the changes were for each variable. This was 
intended to provide information on whether tissue composition reflected the history 
of bladder function. Next to that the urodynamic variables measured at the time of de-
obstruction and immediately before harvesting the tissue, termed the ‘end-stage’ 
urodynamic variables, are plotted. With this approach a clear insight in the glycogen 
scores being representative for bladder functional changes during obstruction could 
be gained. 
The distribution of most of the urodynamic variables was skewed due to some very 
low or high values from individual animals. The data are therefore best plotted in 
box-whisker plots that visualize the distribution within data and instead of averages 
and standard deviations show median values together with the 5%, 25%, 75% and 95% 
percentiles. In the box whisker plots a bar represents the median and is surrounded by 
respectively a box of which the bottom denotes the 25% and the top the 75% 
percentiles and whiskers at the 5% (bottom) and 95% (top) percentiles. Note that 
although outliers are not shown in the box whisker plot when they are outside the 5th 
or 95th percentile they do contribute in the statistical analysis. 
We tested if the four glycogen score groups (0, 1, 2 and 3) differed in: 
- The urodynamic variables at end-stage (also being the day of tissue collection). 
- The urodynamic variables at de-obstruction. 
- The highest achieved values during the obstructive period. 
- The recovery of urodynamic variables after de-obstruction. 
The Mann Whitney U-test was used to determine the significance (p<0.05) of 
differences in urodynamic values between the group with glycogen score 0 and the 
other glycogen score groups. The Wilcoxon Signed Ranks test was used to determine 
the significance (p<0.05) of differences between urodynamic values measured at de-
obstruction and end-stage urodynamics within each glycogen score group. All data 
analysis was performed in SPSS, release 12.0.1, Chicago, Illinois, US.  
 
 
Results 

Examples of a glycogen score 0 and 3 with inserts of a close-up of a glycogen granule 
staining are shown in figure 1. Each granule represents a glycogen deposit. The 
variance of scoring of glycogen by three co-workers was on average 0.38 (standard 
deviation). The difference between scoring of the three co-workers of one section was 
never larger than one score. 
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The effect of individual variation in the response upon placement of PBOO is visible 
in our present data. As table 1 shows, the mean glycogen score increases with 
increasing duration of obstruction but the ranges of the obstructive periods for the 
several glycogen score groups show a large overlap.  

 
The sham-operated animals did not undergo de-obstruction. Thus their data was 
removed from the calculations below when values for the day of de-obstruction in the 
different groups were compared. Ideally, all urodynamic variables at de-obstruction 
and at end-stage for glycogen scores 1, 2 and 3 should be compared to the urodynamic 
variables at de-obstruction and at end-stage for glycogen score 0. However, since 8 out 
of the 10 animals in the glycogen score group 0 were sham-operated, no good 
statistical comparison for urodynamic variables at de-obstruction between score 0 and 
the scores at 1, 2 and 3 could be made. Therefore, urodynamic variables at de-
obstruction and at end-stage for glycogen scores 1, 2 and 3 were only compared to the 
end-stage urodynamic variables at score 0. 
 
Glycogen scores vs. urodynamic variables at end-stage. 
Comparison of the end-stage urodynamics from the glycogen score 0 group to the 
end-stage urodynamics of glycogen score 1, 2 and 3 groups tests to what extent 
normalization of bladder function after de-obstruction is accompanied by structural 
changes.  

Figure 1: 
Example of PAS stains of 
bladder detrusor layer with 
score 0 (left) and 3 (right). Bar 
= 200 µm. Inserts are 4x 
enlargements. 
Color image: see appendix. 

Table 1 
* Values for the two individual animals. 
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Figure 2 
A: Box-whisker plots of correlation between glycogen scores and compliance. Dark grey bars
represent the lowest achieved compliance in history, white bars the compliance at the time of des-
obstruction and light grey bars the end-stage compliance. * Denote p < 0.05 to lowest achieved
compliance at glycogen score 0, † and ‡ denote p< 0.05 to end-stage compliance at glycogen score
0 for compliance at des-obstruction and end-stage compliance respectively, § denote p < 0.05
between compliance at the time of des-obstruction and end-stage compliance. 
B: Box-whisker plots of correlation between glycogen scores and contractility. Dark grey bars
represent the highest achieved contractility in history, white bars the contractility at the time of des-
obstruction and light grey bars the end-stage contractility. * Denote p < 0.05 to highest achieved
contractility at glycogen score 0, † and ‡ denote p< 0.05 to end-stage contractility at glycogen score
0 for contractility at des-obstruction and end-stage contractility respectively, § denote p < 0.05
between contractility at the time of des-obstruction and end-stage contractility. 
C: Box-whisker plots of correlation between glycogen scores and pressure. Dark grey bars represent
the highest achieved pressure in history, white bars the pressure at the time of des-obstruction and
light grey bars the end-stage pressure. * Denote p < 0.05 to highest achieved pressure at glycogen
score 0, † and ‡ denote p< 0.05 to end-stage pressure at glycogen score 0 for pressure at des-
obstruction and end-stage pressure respectively, § denote p < 0.05 between pressure at the time of
des-obstruction and end-stage pressure. 
D: Box-whisker plots of correlation between glycogen scores and NUC. Dark grey bars represent the
highest achieved NUC in history, white bars the NUC at the time of des-obstruction and light grey
bars the end-stage NUC. * Denote p < 0.05 to highest achieved NUC at PAS score 0, † and ‡ denote
p< 0.05 to end-stage NUC at glycogen score 0 for NUC at des-obstruction and end-stage NUC
respectively, § denote p < 0.05 between NUC at the time of des-obstruction and end-stage NUC. 

A

C D 
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The end-stage compliance at glycogen scores 1, 2 and 3 (figure 2a) was significantly 
lower than the end-stage compliance at glycogen score 0 (p<0.05). 
The end-stage values for contractility (figure 2b) were significantly higher for the 
glycogen score 1, 2 and 3 groups as compared to the value for the glycogen score 0 
group (p<0.05). Between these three groups they did not differ significantly. 
At end-stage the pressure was similar in all four glycogen score groups and within the 
normal ranges of bladder pressure during voiding (figure 2c). 
End-stage values for NUC were similar at all glycogen scores (figure 2d). 
 
Glycogen scores vs. urodynamic variables at de-obstruction. 
Comparison of the end-stage urodynamics from the glycogen score 0 group to the 
urodynamics at de-obstruction from the glycogen score 1, 2 and 3 groups tests the 
opposite of the previous comparison; does the bladder structure correlate to bladder 
function before de-obstruction. 
The glycogen score group 3 had the highest value for NUC at the time of de-
obstruction. Compared to the end-stage value of NUC in the score 0 group NUC was 
significantly higher in all three groups (p<0.05). 
The compliance at the time of de-obstruction was significantly lower at glycogen 
scores 1, 2 and 3 as compared to the glycogen score 0 group at end-stage (p<0.05). The 
compliance at de-obstruction is higher in the glycogen score 3 group as compared to 
groups 1 and 2 but this difference is statistically insignificant. 
The contractility at the time of de-obstruction was significantly higher for the 
glycogen score 1, 2 and 3 groups as compared to the end-stage value of the glycogen 
score 0 group (p<0.05).  
The pressure at the day of de-obstruction was higher in the score 1, 2 and 3 groups as 
compared to the end-stage values for the score 0 group. However, this trend did not 
reach significance (p = 0.23, p = 0.057, p = 0.098 for groups 1,2 and 3 respectively). 
The relation between the glycogen score of a bladder, measured at end-point and the 
function of that bladder at de-obstruction shows to what extent the ability of a bladder 
structure to normalize depends on the functional condition at the time of de-
obstruction. For this we used a Wilcoxon signed Ranks test. As is shown in figure 2d, 
in the glycogen score 3 group the end-stage the value for NUC was significantly lower 
than the values at de-obstruction. In the glycogen score 1 group the compliance at 
end-stage was significantly higher than the compliance at de-obstruction (p<0.05) and 
approaches normal values. At glycogen score 3 the end-stage contractility is 
significantly lower as compared to the day of de-obstruction (p<0.05). In the score 
groups 2 and 3 end-stage pressure had decreased significantly as compared to the 
pressure at the day of de-obstruction. 
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Glycogen scores vs. the maximum values for the urodynamic variables. 
All maximum achieved urodynamics were reached before or at the moment of de-
obstruction and therefore resemble the history of a bladder during PBOO. In this 
comparison we therefore included the data from all animals. The comparison will 
show if the glycogen score, measured at end-point is related to the historic extremes in 
bladder function. 
Compared to the score 0 group, the highest achieved value for NUC was significantly 
higher in the score 2 and 3 groups (p<0.05).  
The lowest achieved compliance was significantly lower in groups 2 and 3 as 
compared to the score 0 group, p<0.05. In score group 1 the decrease did not reach 
statistical significance (p = 0.06). 
The highest achieved values for the contractility was significantly higher in the score 
groups 1,2 and 3 as compared to score group 0 (p<0.05).  
The highest achieved pressures at glycogen scores 1, 2 and 3 was significantly higher 
as compared to the highest achieved pressure from the score 0 group (p<0.05).  
 
 
Discussion 

In this study we determined which changes occur in bladder glycogen content after 
removal of a urethral obstruction and assessed how these changes relate to the historic 
urodynamic function of the bladder and to its recovery of function after de-
obstruction. For this, we related the bladder function during obstruction, at the time of 
de-obstruction, during de-obstruction and at end-stage after a period of de-
obstruction to the degree of glycogen deposition. The maximum achieved values in 
altered bladder function were used as a measure of the severity of the PBOO induced 
changes in the history of the bladder. In our previous work we extensively described 
the accumulation of glycogen as an adequate measure for changes in bladder structure 
upon PBOO [14]. During obstruction the bladder muscle reduces its own oxygen 
supply by producing pressures that compress the small blood vessels [18-20]. This 
prompts parts of the bladder muscle to function anaerobic. The build-up of glycogen 
stores is witness to this. Based on the combination of the intensity and the location of 
the glycogen staining four glycogen score groups could be distinguished, from 0 
(absent) to 3 (strongest). Most bladder tissues from sham-operated and control 
animals scored as 0, only two samples as 1. A glycogen score of 1 may denote the 
beginning of ischemic conditions. On average, this group had endured the shortest 
period of PBOO. However, in some animals glycogen deposition occurred only after a 
prolonged period of PBOO. This underscore the relevance of obtaining a marker that 
reflects the severity of the obstructive changes better than the duration of obstruction 
alone. The finding that the first small deposition occurred close to the serosal side of 
the detrusor layer may have an anatomical reason. These areas are farthest away from 
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the blood supply out of the lamina propria and therefore will be the first to experience 
disturbances of the supply. A glycogen score of 2 may represent progressive ischemic 
conditions. The glycogen deposits cover larger areas within the detrusor layer but 
these are mostly still close the serosa. Also, there is local variation with muscle 
bundles containing large deposits of glycogen next to bundles without such depostis. 
A glycogen score of 3 showed glycogen accumulation throughout the whole detrusor 
layer. Some areas were less dense with glycogen than others but all tissues showed 
large amounts of glycogen close to the lamina propria and urothelium. In our set-up 
strong glycogen deposition was still found some time after removal of the obstruction. 
The period of monitoring after de-obstruction varied from two to eleven weeks. 
Whether the glycogen deposition will reduce after longer periods of recovery cannot 
be concluded. There appears to be a slow trend for reduction as the glycogen scores in 
animals who were allowed a recovery period after obstruction tended to be lower 
than the glycogen scores that we previously reported [14] for animals who had the 
same duration of obstruction but without a recovery period. A few animals that 
expressed mild urodynamic changes after a short period of PBOO regained normal 
bladder function rapidly and needed no further monitoring. But most animals with 
more severe historic changes in bladder function were monitored longer as bladder 
function did not regain normal function, at least during the time of follow-up after de-
obstruction. Despite this variation in follow-up time a clear correlation between 
glycogen scoring and all maximum achieved urodynamics during PBOO was found. 
This correlation was also found in our study of glycogen score after PBOO alone [14]. 
We also tested for each glycogen score group (except glycogen 0) if end-stage 
urodynamic variables were significantly changed from these variables at the time of 
de-obstruction. In the glycogen score 1 group only the compliance showed a 
significant difference between the end-stage value and the value at the time of de-
obstruction (p<0.05), becoming normal again. The other urodynamic values show a 
trend for improvement but the changes are not significant and occur within the 
normal ranges. In the glycogen score 2 and 3 groups the end-stage compliance values 
are almost similar to the compliance values at the time of de-obstruction. In the 
glycogen score 3 group there even is an, insignificant, trend for further decline. From 
these findings we want to conclude that little glycogen deposition prognoses a good 
recovery of bladder compliance. 
After de-obstruction instability largely disappears from most animals. The instability 
at end-point thus yields no information on the burden of instability that an individual 
bladder experienced during its obstructive period. The glycogen score, however, does 
reveal the history of instability, being highest in animals with the most severe history 
of NUC.  
High pressures at the time of de-obstruction as well as the highest achieved pressure 
at al glycogen scores more than doubled at glycogen score 3 compared to normal 
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values. But at end-stage bladder pressure at all glycogen scores was statistically 
similar, because the outflow resistance has been minimized. 
After de-obstruction the contractility decreases in all animals, significant only in the 
glycogen score 3 group. However, at end-stage it remains elevated compared to the 
sham operated animals and furthermore reaches similar values in all animals. Here 
also the glycogen score is the only indicator of the situation before de-obstruction. The 
glycogen score 3 group had the history of the highest contractility values. 
In our envision the glycogen scoring may ultimately become a clinical tool in 
assessing the level of functional changes before the first urodynamic measurement 
and may also provide insight in functional development between two measurements 
for follow-up. Combined with urodynamic measurement a clear insight in history and 
actual condition of bladder function is obtained. 
Basic research on the molecular level such as gene expressions of TGF-beta and many 
other biochemical compounds that have a role in one of the regulatory pathways are 
nowadays a major topic in bladder outlet obstruction research. This is one of the many 
subjects in future investigation for basic knowledge and for designs of new targets of 
(pharmalogical) treatment. Our direct focus for further investigation is aimed at 
developing the glycogen scoring as a clinical tool by non-destructive fiber optic 
techniques such as Raman spectroscopy. 
 
Conclusion 
The glycogen content in a bladder during obstruction correlated directly with high 
pressures during voiding, instabilities, lowered compliance and a high contractility. In 
contrast, the bladder glycogen content was not related to the function of the bladder 
after de obstruction, except for a relation between high glycogen content and 
continuing low compliance. In conclusion, the glycogen content of a bladder is a clear 
marker of the severity of functional changes that bladder has undergone in its history 
and this is true also after a period of recovery. 
These findings may have direct impact on clinical monitoring of bladder function. 
Patients who were subjected to urodynamic measurements after valve ablation or 
bladder treatment for e.g. spina bifida may exhibit improved bladder function but 
have nevertheless developed a decompensated bladder later on. Analyzing the 
amount of glycogen deposits by glycogen scoring may give insight in the severity of 
bladder damage and thereby contribute in making an accurate prognosis of bladder 
function. However, for in vivo diagnostic applications the structural analysis should be 
non-destructive, thus without the need for biopsies. Earlier we have shown the use of 
Raman spectroscopy to detect both collagen infiltration and glycogen accumulation in 
bladder tissues with partial outlet obstruction in vitro [21]. Recent developments in the 
fiber-optic Raman spectroscopic technology would make this in vivo non-destructive 
structural analysis possible [22]. 
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Abstract 

Purpose: Oxybutynin is used clinically to lower intravesical pressure (P) and detrusor 
overactivity (DO). In vitro it inhibits stretch-induced bladder smooth muscle cell 
proliferation. We tested if Oxybutynin also prevents hypertrophic bladder changes in 
vivo in a model of partial bladder obstruction. 
Materials and Methods: Subvesical obstruction was induced in immature guinea pigs by 
a silver ring around the urethra. 8 animals received Oxybutynin, 0.4 mg/b.w./day in 2 
doses. Control groups were: obstructed without oxybutynin treatment or sham 
operated. Urodynamic pressure flow studies were performed at 1-week intervals for 
10 weeks in all animals under anesthesia with ketamine/xylazine. After 10 weeks the 
animals were sacrificed and the bladder was removed for structural analysis with a 
PAS-stain in which also the number of glycogen granules was scored as a measure for 
previous ischemia. 
Results: Compared to the sham group, obstructed animals have a significantly higher 
P and DO, a lower compliance and increased contractility. Obstructed animals that 
receive oxybutynin retain a normal P, DO and compliance. Their bladder contractility 
increases like in obstructed animals. The Oxybutynin group showed less collagen 
infiltration in the detrusor and fewer glycogen granules compared to the obstructed 
animals. 
Conclusions: Our results demonstrate that Oxybutynin has a protective effect on 
bladder function and structure. Prevention of hypertrophic and ischemic bladder 
changes is an argument for an early start of Oxybutynin treatment in children with 
inborn neurogenic bladder dysfunction like spina bifida or in patients with urethral 
valves. 
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Introduction 

Anticholinergics in combination with clean intermittent catheterisation (CIC) are the 
mainstays in the current treatment of neurogenic bladder dysfunction [1,2], a disease 
often characterized by detrusor overactivity (DO) and functional bladder outlet 
obstruction (BOO) (detrusor-sphincter-dyssynergia). Antimuscarinergic drugs like 
Tolterodin or Oxybutynin suppress DO and partly lower infravesical pressure. This, 
in combination with CIC usually results in a low-pressure system preserving renal 
function. Also in non-neurogenic BOO (e.g. posterior urethral valves) a combination 
of detrusor hypertrophy, DO, a low compliance bladder and high intravesical 
pressure is encountered. With current treatment progression of smooth muscle cell 
hypertrophy and bladder wall fibrosis is still common. To prevent the last treatment 
option, invasive surgery including bladder augmentation or any form of urinary 
diversion, and its associated complications a better understanding of the road to the 
end stage bladder and of the way that compounds like Oxybutynin interfere is 
needed. 
From literature [3-6] the following is known: An obstructed bladder increases its 
muscle volume to produce the higher pressure needed to overcome the obstruction. 
This muscle hypertrophy is accompanied by collagen deposition and may end in a 
thick-walled high pressure bladder. After this stage the bladder may reverse in 
strength and mass. At some point intrinsic bladder wall processes start to drive 
hypertrophy. The start may be reduction of bladder blood flow by the high bladder 
pressure, inducing local hypoxia [7, 8] and activating anaerobic detrusor function 
[9,10]. Chronic hypoxia induces hyper-excitation of the afferent nerves that are 
involved in DO [11], fibrosis, collagen deposition, and glycogen storage [11-16].  
In vitro relaxation of bladder smooth muscle by the anticholinergic agent Oxybutynin 
[15] or the smooth muscle cell relaxant nitric oxide inhibits stretch-induced bladder 
smooth muscle cell proliferation [15, 17].  
This effect of Oxybutynin has not been studied in vivo yet. Here we evaluated the 
effect of Oxybutynin on bladder structure, with emphasis on signs of hypoxia, in a 
Guinea pig model of partial bladder obstruction and related this effect to 
longitudinally followed bladder function.  
 
 
Materials and Methods 

The Guinea pig model for gradual urethral obstruction as described by Wolffenbuttel 
et al [6,7] was used. Immature male albino Guinea pigs, Hartley strain, weighing 
approximately 250 g were used. 
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Study design 
Data is obtained from each animal every week. Analysis of the response to obstruction 
and treatment is based on individual longitudinal data. In the reference groups (sham 
operated and obstructed) this availability of longitudinal data in individual animals 
allowed us to sacrifice animals and obtain tissue at variable end-points. Consequently, 
the number of animals in these groups decreases during the experiment. The size of 
the Oxybutynin group did not allow this division over time-end points. Thus these 
were all followed for 10 weeks and sacrificed at the same end point.  
The sham group consisted of 9 animals that were sham-operated and two animals that 
were not operated. Seven animals underwent weekly urodynamic studies for up to 
nine weeks. Four animals were measured with a lower frequency. The animals were 
sacrificed at different time points. From week 0 (pre-obstruction) to week 9 the 
number of animals included in the analysis thus was: 11, 10, 10, 8, 3, 3, 6, 7, 4, 2. Each 
obstructed/ Oxybutynin treated animal also has as individual reference the initial 
measurement before placing the obstruction. 
 
Obstructed group 
93 Animals received an obstruction after their first urodynamic evaluation at day 0 
and were measured weekly or bi-weekly thereafter. From week 0 to week 10 the 
number of analysed obstructed animals was: 93, 66, 76, 61, 55, 47, 46, 26, 14, 14, 11. In 
the staining procedures the tissue from the group of 11 animals that completed 10 
weeks of obstruction was compared to tissue from sham-operated animals and 
Oxybutynin treated animals (that also had 10 weeks of obstruction). 
 
Oxybutynin group 
Eight animals were obstructed and received Oxybutynin from that moment on for a 
period of 10 weeks. Two animals were taken out of the experiment the first week 
(discomfort due to operation wound) respectively the 5th week (failure to thrive). Only 
the remaining 6 animals were used for the analysis. (Up to the point that the 2 animals 
were removed from the study their urodynamic parameters did not differ from the 
rest of the group but all their data was excluded). The applied dosage of Oxybutynin 
was 0.4 mg/kg/ day divided over 2 doses. 
 
Urodynamic Procedure [6,7] 
The animals were anesthetized using ketamine (43 mg/kg i.m.) and xylazine (0.9 
mg/kg i.m.). Through a 24-gauge suprapubic catheter bladder pressure was measured 
and the bladder was filled continuously with sterile saline at a rate of 0.23 mL per 
minute. Flow rate was measured with an ultrasound transducer (T106 small animal 
Flow meter, Transonic Systems, Ithaca, NY) around the penis. The volume voided was 
collected in tubes and used to calibrate the flow-rate signal of each voiding. After the 
last voiding the residual fluid was measured. 
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Operative Procedure 
Under ketamine/xylazine anesthesia the peritoneal cavity was accessed via a lower 
vertical midline abdominal incision. A silver jeweler’s jump ring, internal diameter 2.2 
mm, was placed around the bladder neck above the prostate.   
 
End-Point Procedure 
After the final urodynamic study the animal was sacrificed and the bladder was 
removed immediately. Part was snap-frozen and stored at –80°C, part was fixated in 
10% buffered formalin (pH 7.4) and embedded in paraffin. 
 
 
Calculations 
Detrusor overactivity (DO) was assessed visually as the number of detrusor 
contractions of 10 cm H2O (one third of the mean voiding pressure at week 0) without 
urine-flow during the filling phase. The maximum flow rate [Qmax], the associated 
bladder pressure [pdetQmax], bladder compliance [ml/ cm H2O] and bladder 
contractility [Wmax] were calculated from the pressure flow plot (figure 1) as described 
previously [5,6].  

 
PAS-stain and PAS-score 
Cross-sections of 4 µm covering all bladder wall layers were stained with the 
periodate acid Schiff’s protocol (PAS). This procedure stains sugar moieties to 
visualize the general structure, figure 2. At what we defined as score 0 linear 
structures like cell membranes are visible. In the higher scores granular staining 
appears inside the muscle cells. We counted the number of these granules and the 
increasing number was defined as score 1, 2 or 3. We observed that concomitant with 
the increase in number of granules their location changed. At score 1 the granules 

Figure 1 
A pressure flow plot showing the
relation between the bladder
pressure, Pdet and the flow-rate, Q.
Each curve represents one voiding.
After ten weeks of obstruction the
curve for the Oxybutynin treated
animal is still close to the curve for
the untreated animal after 1 week of
obstruction.  
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were located near the adventitium. At score two they were also found in the middle of 
the muscle layer and at score 3 they were throughout the muscle up to the urothelium. 
With biochemical analysis a high count of PAS stained granules in tissue was 
correlated with a high glycogen content [16]. With Raman spectroscopy we have 
shown that these granules contain high amounts of glycogen [12]. 
 
Elastic von Gieson stain (EVG) 
In the EVG procedure collagen stains red, elastin black and the rest of the tissue 
yellow. Three investigators have visually assessed the percentage of red within the 
muscle layer and scored this from 1 to 3.   
 
Statistics 
All values are expressed as the mean ± SEM. Statistical significance was determined 
by two-sided unpaired Student’s t-tests with p < 0.05 considered statistically 
significant. Note that because of our specific study protocol the numbers of animals in 
the comparison changes from week to week (as explained above).  
 
The protocol was approved by the institutional animal care and use committee of the 
Erasmus University and was in line with guidelines by the EU. 
 
 
Results 

Pressure-flow plots 
Figure 1 shows the pressure-flow plots for an obstructed animal and an 
obstructed/Oxybutynin treated animal. In the obstructed animal bladder pressure 
increases with duration of the obstruction and urine flow-rate decreases. In the 
Oxybutynin treated obstructed animal the pressure was only slightly increased after 
ten weeks and the urine flow-rate was increased greatly. 
 

Figure 2 
Examples of the lowest PAS score 0,
left, and the highest PAS score 3,
right. At the PAS score of 0 a distinct
line pattern of amongst others
membranous staining is visible. At
higher scores additional staining
occurs in the form of granules, here
shown for score 3. At higher
magnification, bottom, these
granules appear to be located inside
the muscle cells. 
Color image: see appendix. 
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Bladder pressure (pdetQmax) 
Compared to the sham group, the pdetQmax increases significantly (p<0,05) in the 
obstructed group, figure 3. In the obstructed animals that received Oxybutynin the 
pdetQmax did not differ from the sham group and was significantly (p<0,05) lower than 
in the obstruction group. 
In a previous publication [14] we have divided the group of obstructed animals 
according to the PAS score (0,1,2 or 3) of their bladder tissue at end point. The average 
end point bladder pressure for these PAS score groups is represented in figure 3 as 
solid lines. For the group with a PAS score of 1 the average end point bladder 
pressure was 47 cm H2O. The average bladder pressure in the Oxybutynin group 
remained below this level all 10 weeks. 
In Figure 4 the individual longitudinal data are shown. In 4 out of 6 Oxybutynin 
treated animals the pdetQmax remains close to normal the whole period. Their bladder 
tissue had a PAS score of 1. In 1 animal there is a transient increase in pdetQmax at week 
8 up to the level of the obstructed group. In this animal the PAS score was 2. In 1 
animal the pdetQmax is continously elevated during the last 3 weeks. In this animal the 
PAS score was 3. 

 

Figure 3 
Effect of Oxybutynin on pdetQmax
during 10 weeks of obstruction.
Solid lines represent average
pdetQmax for animals with PAS
score of 0 to 3 respectively.
Values on which these lines are
based were taken from de Jong
et al. [14] Asterisk indicates
significant difference vs
obstruction (p<0,05). 

Figure 4 
Values of pdetQmax in
individual oxybutynin
treated animals. Each
symbol represents
individual animal. Solid
lines represent average
pdetQmax for groups with
PAS score of 1 to 3
respectively [14].  
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Urine flow rate 
The urine flow-rate was higher in the Oxybutynin group than in the obstructed and 
sham-operated animals throughout the test period, Figure 5. Compared to the sham 
group the difference reached significance from week 1 onwards. Compared to the 
obstructed group, the difference was significant at weeks 2, 3, 5, 6 and 7.  
 
Contractility 
Compared to the sham group, bladder contractility increased significantly (p<0,05) in 
both the obstructed animals and the animals that received Oxybutynin, Figure 6. The 
latter two did not differ from each other. 
 
Compliance 
Bladder compliance in sham-operated animals fluctuates around 1 during the whole 
study period, Figure 7. In the obstructed animals compliance decreases significantly 
(p<0,05) compared to the sham group. In the Oxybutynin treated animals compliance 
remains normal and is significantly higher (p<0,05) compared to the obstruction 
group. 

Figure 5 
Effect of Oxybutynin on the
flow rate during 10 weeks of
obstruction.  

Figure 6 
Effect of Oxybutynin on contractility
during 10 weeks of obstruction.
Wmax: bladder contractility. Asterisk
indicates significant difference
treatment vs sham (p<0,05).  

Figure 7 
Effect of Oxybutynin on compliance
during 10 weeks of obstruction.
Wmax: bladder contractility. Asterisk
indicates significant difference
treatment vs sham (p<0,05).  
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Detrusor overactivity 
In sham-operated animals DO is rare. Obstruction induces DO. This starts the first 
week after obstruction and increases in severity the following weeks. In obstructed 
animals receiving Oxybutynin some DO occurs, but significantly less than in the 
obstructed group. The final weeks DO increases in the Oxybutynin group. This 
increase is caused entirely by the two animals in which suppression of high bladder 
pressure fails during those weeks. 
 
EVG 
The EVG score for the Oxybutynin treated animals 1,7± 0,2 was significantly (p<0,05) 
lower than the score for the animals obstructed 10 weeks 2,4±0,2 and significantly 
higher (p<0,05) than the score for the sham operated animals, 1,1±0,1. The Oxybutynin 
treated animals thus show less collagen infiltration into the bladder muscle. 
 
 
Discussion 

Oxybutynin  iiss  a drug with non-specific antimuscarinic properties used in clinic to 
suppress bladder overactivity in patients with obstructive bladder disease. In our 
model Oxybutynin prevents obstruction induced increases in bladder pressure and 
instability and preserves bladder compliance but does not prevent the increase in 
bladder contractility. Unexpectedly the flow-rate is increased by oxybutynin. The 
latter may point to some unknown effect on sphincter or urethral relaxation and 
warrants further investigation. 
It was not known what effect long-term Oxybutynin treatment in vivo has on bladder 
structure. Smooth muscle cells of the bladder respond to mechanical stretch by 
changes in cell proliferation and protein synthesis [18,19]. It is well documented that 
several smooth muscle relaxants including Oxybutynin can suppress detrusor muscle 
cell proliferation in vitro [15]. We show that Oxybutynin also decreases collagen 
infiltration into the bladder muscle in vivo. Less hypertrophy and less matrix 
deposition may explain part of the maintenance of a good compliance under 
Oxybutynin. Improved muscle relaxation during the filling phase could be a second 
mechanism. We also find that under Oxybutynin treatment less glycogen 

Figure 8 
Effect of Oxybutynin on DO during
10 weeks of obstruction. 
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accumulation occurs in the muscle cells. This may be a sign that the Oxybutynin 
treatment has reduced the occurrence of hypoxia in the bladder wall and may be 
related to the reduction in detrusor overactivity. Several investigators have suggested 
that a reduced bladder wall blood flow leading to hypoxia links high intravesical 
pressure to detrusor overactivity [11, 16, 20]. The afferent nerves in the bladder wall 
that regulate the detrusor overactivity may be damaged by oxidative stress during 
reperfusion [11]. Muscle cells may reduce the oxidative stress by turning to anaerobic 
metabolism of glycogen. Bladder muscle cells that more often encounter high bladder 
pressure for prolonged times have more glycogen stores [16]. In vitro strips of muscle 
cells that do originally do not express overactivity become overactive when they are 
first depleted of glycogen. It has previously been shown [12, 16] that granules are 
stained with a PAS procedure are intracellular glycogen stores. Here we show that 
during obstruction the guinea pig detrusor cells build up these PAS stained glycogen 
granules. The obstructed animals that maintain a low bladder pressure, a good 
compliance and no detrusor overactivity during treatment with Oxybutynin do not 
show this build-up. In two animals where the suppression of high bladder pressure 
and overactivity transiently fails glycogen stores the build-up does occur. In the 
review of Brading [11] it is mentioned that the bladder blood flow completely ceases 
when bladder pressure exceeds 30 mmHg (=41 cm H2O). The four animals in our 
study that have no glycogen build-up all remain below this 41 cm H2O bladder 
pressure during the whole period. The two animals that do show glycogen build-up 
surpass this value. Why the suppression by Oxybutynin fails in these animals is 
unclear. It may be due to inadequate intake of the drug during several days or to some 
unknown oxybutynin resistancy. Since the effect is transient in one animal we favour 
the first explanation. The finding does however highlight the fact that although the 
bladder in these animals may seem normal at the surface, low pressure, no 
overactivity, good compliance it can revert to a situation where it damages itself very 
quickly, probably because of its increased contractility.  
During obstruction the bladder contractility increases because more effort is needed to 
empty the bladder against the obstruction. Obstructed animals that are treated with 
Oxybutynin show the same increase in contractility, they have to overcome the same 
obstruction. The increased flow in the Oxybutynin group suggests that there is some 
overcompensation. 
Such an effect could underlie the experience in patients under long-term treatment 
with Oxybutynin where unexplained sudden deterioration of bladder function can 
occur. Possibly in these patients the Oxybutynin treatment for some reason, 
temporarily, fails and the increased contractility of that bladder allows it to produce 
high pressures that switch on the cycle of reduced blood flow, hypoxia, nerve damage 
and overactivity. A question for future study is whether treatment with compounds 
that aim to improve blood microcirculation, as single compound or in combination 
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with Oxybutynin will keep the bladder wall in better shape and further reduce the 
chance for ischemia. 
Our results demonstrate that Oxybutynin might have a protective effect on bladder 
function. Prevention of hypertrophic bladder changes related to ischemia is an 
argument for an early start of Oxybutynin treatment in children with inborn 
neurogenic bladder dysfunction like spina bifida or in patients with urethral valves. 
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Abstract 

Objective: Obstruction induced high-pressure bladder causes bladder wall ischemia. 
During the periods of reduced perfusion and reperfusion structural damage can occur 
that enhances loss of bladder function. Acetylsalycylic acid (ASA) may protect against 
this damage by improving tissue perfusion and interfering with the damaging 
processes during reperfusion. We tested the in vivo effect of ASA on the deterioration 
of bladder function and structure in animals with urethral obstruction.  
Methods: In guinea pigs with urethral obstruction urine flow, bladder pressure, 
detrusor overactivity (DO), compliance and contractility were measured weekly. 
Bladder tissue was obtained at end point. Glycogen accumulation, a marker for 
ischemia, was quantified with a PAS stain, collagen infiltration into the detrusor 
muscle with an Elastic von Gieson stain. Eight animals received ASA, 4 mg/kg 
b.w./day, during 9 weeks of obstruction. Their data was compared to obstructed 
(n=93) and sham operated animals (n=13). 
Results: In the obstructed bladder contractility increases to generate the high pressure 
needed to overcome obstruction. This yields ischemia indicated by glycogen 
accumulation and a sharp loss in compliance. Under ASA treatment the obstructed 
bladder generates significantly more force and higher pressures but compliance 
remains normal and less glycogen accumulates. Collagen infiltration and DO are the 
same in both groups. 
Conclusion: The data indicates that in the obstructed bladder ASA increases perfusion 
and thereby contractility and prevents ischemia related damage. Considering the lack 
of effect on DO it seems worthwhile to further investigate a combination of ASA with 
compounds that aim to reduce DO like Oxybutynin. 
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Introduction 

Both in structural (urethral valves, BPH) and functional (neurogenic bladder 
dysfunction) bladder outlet obstruction (BOO) the bladder can deteriorate through a 
cascade of events that includes increases in bladder contractility and pressure, 
detrusor overactivity (DO) and loss of compliance [1-3]. After surgical treatment of the 
original problems, management of bladder pressure and bladder overactivity may 
preserve bladder and renal function. For this anticholinergics with or without clean 
intermittent catheterisation (CIC) are the main entities used [1,4]. Although 
antimuscarinergic drugs like Tolterodin or Oxybutynin do lower intravesical pressure, 
further unexplained deterioration of bladder function combined with progression of 
smooth muscle cell hypertrophy and bladder wall fibrosis still occurs.  
We have shown in our guinea pig model of urethral obstruction [2,3] that in addition 
to the known collagen infiltration [5], strong accumulation of glycogen is found in 
long-term obstructed bladder [6]. In fact the level of glycogen accumulation in an 
individual bladder is directly related to the degree of instability, the increase in 
voiding pressure and the increase in bladder pressure during filling (loss of 
compliance) that occurred previously. Glycogen accumulation marks previous 
hypoxia. In acute ischemia glycogen is used for anaerobic energy production and its 
concentration locally decreases. When the appearance of ischemia becomes chronic an 
organ can adapt by building stores of glycogen. This has been shown to occur in the 
brain [7]. There the glycogen level decreases during an acute period of ischemia and 
returns to supranormal levels thereafter. This increase in glycogen appears to induce 
tolerance to repeat episodes of ischemia. In the bladder hypoxia occurs when high 
pressure reduces the blood flow in the bladder wall [8-11]. Oxidative stress during the 
periods of reduced perfusion and re-perfusion may excite the afferent nerves in the 
bladder wall what triggers DO [11, 12]. In vitro hypoxia causes less nerve damage in 
bladder strips where glycogen is accumulated [12]. We showed previously that 
Oxybutynin prevents glycogen accumulation as long as it can maintain a low pressure 
and normal compliance and that DO is concurrently suppressed [13]. However, under 
Oxybutynin treatment bladder contractility did still increase. This may explain why in 
individual animals transient failure of Oxybutynin to inhibit detrusor contraction led 
to immediate DO and glycogen accumulation at end-point. Apparently in the setting 
of increased contractility a bladder is prone to cause ischemic damage the moment the 
suppression of bladder pressure for some reason fails.  
Prevention of this local hypoxia and the related nerve damage may be a second 
handle to attack the bladder problems in urethral obstruction. 
Acetylsalycylic acid (ASA) has been applied to prevent ischemic nerve damage in the 
bladder [14]. That study applied an in vitro approach looking at the contractility of 
strips of detrusor muscle. Strips from obstructed rabbit bladder produced less 
contractile force as a whole and expressed per cross-sectional area [15] as compared to 
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strips from non-obstructed rabbit bladder. Bladder strips from animals that were 
treated with a low dose of ASA, 2 mg/kg b.w./day, retained their electrical field 
induced contractility [14].  
Here we examined whether ASA can preserve in vivo measured bladder function in a 
model of urethral obstruction where bladder function is monitored longitudinally. 
The changes in bladder function were related to the accumulation of glycogen, a 
measure for ischemic nerve damage, and to the degree of collagen infiltration in the 
detrusor muscle. 
 
 
Materials and Methods 

We used a model for gradual urethral obstruction where a silver ring around the 
urethra induces urethral obstruction in immature male albino Guinea pigs (Hartley 
strain) [2,3]. Bladder function was measured weekly and the bladder was removed at 
end point for tissue analysis. 
 
Study design 
The ASA group contained 8 animals. They were measured and obstructed at week 0 
and followed with weekly measurements for 10 weeks. One animal died at week 6 
due to anaesthesia problems. Their data was compared to obstructed (n=93) and to 
sham-operated (n=11) animals. Two sham-operated and 8 obstructed animals were 
analysed concurrent with the ASA group. To minimize animal use sham-operated and 
obstructed animals from other studies were added to increase the numbers to 11 
respectively 93. In all these animals urodynamic investigations were performed 
weekly. The week of sacrifice was varied to obtain bladder material at all time points. 
Thus the number of animals and consequently the number of urodynamic tests in 
these groups decreases from week to week. The absolute changes and the time path of 
changes in bladder function were similar in the sham and obstruction groups from the 
ASA study as compared to the additional control groups, allowing combination of the 
data. Sham-operated animals were followed up to 9 weeks. The number of animals in 
this group from day 0 to week 9 was: 11 (day 0, before obstruction), 10 (first week of 
obstruction), 10, 8, 3, 3, 6, 7, 4, 2 (week 9). In the obstructed group the numbers were: 
93 (day 0), 66 (week 1), 76, 61, 55, 47, 46, 26, 14, 14 (week 9). 
The applied dosage of ASA was 4 mg /kg/ day divided over 2 doses. 
 
Urodynamic Procedure [2,3] 
The animals were anaesthetized using ketamine (43 mg/kg i.m.) and xylazine (0.9 
mg/kg i.m.). Through a 24-gauge suprapubic catheter bladder pressure was measured 
and the bladder was filled continuously with sterile saline at a rate of 0.23 ml per 
minute. Flow rate was measured with an ultrasound transducer (T106 small animal 
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Flow meter, Transonic Systems, Ithaca, NY) around the penis. The volume voided was 
collected in tubes and used to calibrate the flow-rate signal of each voiding. After the 
last voiding the residual fluid was measured. 
 
Operative Procedure 
Under ketamine/xylazine anaesthesia the peritoneal cavity was accessed via a lower 
vertical midline abdominal incision. A silver jeweler’s jump ring, internal diameter 2.2 
mm, was placed around the bladder neck above the prostate.   
 
End-Point Procedure 
After the final urodynamic study the animal was sacrificed and the bladder was 
removed immediately. Part was snap-frozen and stored at –80°C, part was fixated in 
10% buffered formalin (pH 7.4) and embedded in paraffin. Tissue sections for 
histology were taken opposite to the site of catheterisation. 
 
Calculations 
Detrusor overactivity (DO) was assessed as the number of detrusor contractions of 10 
cm H2O (one third of the mean voiding pressure for unobstructed animals) without 
urine-flow during the filling phase. The maximum flow rate [Qmax], the associated 
bladder pressure [pdetQmax], bladder compliance [ml/ cm H2O] and bladder 
contractility [Wmax] were calculated as described previously [2,3].  
 
PAS-stain and PAS-score 
Paraffin-embedded cross-sections of 4 µm covering all bladder wall layers were 
stained with the periodate acid Schiff’s protocol (PAS). This procedure stains sugar 
moieties to visualize the general structure. At what we defined as score 0 linear 
structures like cell membranes are visible. At higher scores granular staining appears 
inside the muscle cells. These granules are glycogen accumulations. Biochemical 
analysis has shown that a high count of PAS stained granules in tissue correlates to 
high glycogen content [12]. We have shown with Raman spectroscopy that the 
granules contain large amounts of glycogen [5]. Three investigators scored the 
number of these granules and the increasing number was defined as score 1, 2 or 3. 
We observed that concomitant with the increase in number of granules their location 
spread. At score 1 the granules were located near the adventitium. At score two they 
were also found in the middle of the muscle layer and at score 3 they were throughout 
the muscle up to the urothelium.  
 
Elastic von Gieson stain (EVG) 
In the EVG procedure collagen stains red, elastin black and the rest of the tissue 
yellow. Three investigators have visually assessed the degree of red within the muscle 
layer and scored this from 1 to 3.  
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Statistics 
All values are expressed as the mean ± SEM. Statistical significance was determined 
by two-sided unpaired Student’s t-tests with p < 0.05 considered statistically 
significant. Note that because of our specific study protocol the numbers of animals in 
the comparison changes from week to week (as explained above).  
 
The protocol was approved by the institutional animal care and use committee of the 
Erasmus University and was in line with guidelines by the EU. 
 
 
Results 

Bladder pressure (pdetQmax) 
Compared to both the sham group and the obstruction group (p<0,01) the pdetQmax 
increased significantly in the ASA group, Figure 1. 

In a previous publication [6] we have shown that the PAS score of a bladder tissue 
correlates closely to the highest pressure that specific bladder has generated during its 
life time. In Figure 1 the solid lines represent the average highest pressure for groups 
of obstructed animals with respectively a PAS score of 0, 1, 2 or 3. A PAS score of 3 
that represents the highest degree of glycogen accumulation and the most ischemic 
damage is associated with the highest bladder pressure. The ASA group had an 
average pressure well above that for the PAS 3 score but its average PAS score was 1. 
This indicates less ischemic damage. 
 
Urine flow rate 
Compared to the obstruction group, the urine flow-rate was higher (p<0,05) in the 
ASA group during the first three weeks and at week 8, Figure 2.  

Figure 1 
Effect of acatylsalycylic acid
(ASA) on pdetQmax during 9
weeks of obstruction. The
triangles represent the sham
group, squares the obstruction
group and filled circles the
ASA group. The solid lines
represent the average pdetQmax
for animals with a PAS score
of respectively 0, 1, 2 and 3.
The values on which these
lines are based were taken
from ref [14]. * significance of
difference versus obstructed
group, p<0,01. 
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Contractility 
Compared to both the sham group and the obstruction group bladder contractility 
increased significantly (p<0,01) in the ASA group during all weeks, Figure 3. 

 
Compliance 
Bladder compliance in sham-operated animals fluctuated around 1 during the whole 
study period, Figure 4. In the obstructed animals compliance decreased significantly 
(p<0,05) compared to the sham group. In the ASA treated animals compliance 
remained normal and was significantly higher (p<0,01) compared to the obstruction 
group. 
 

Figure 2 
Effect of ASA on the flow rate
during 9 weeks of obstruction.
The triangles represent the
SHAM group, squares the
obstruction group and the
filled circles the ASA group. *
significance of difference
versus SHAM group, p<0,05. 

Figure 3 
Effect of ASA on contractility
during 9 weeks of obstruction.
The triangles represent the
SHAM group, squares the
obstruction group and filled
circles the ASA. * significance
of difference versus
obstruction group, p<0,01. 
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Detrusor overactivity 
In sham-operated animals DO was rare, in obstructed animals it was common. This 
started the first week of obstruction and increased in severity the following weeks. For 
the groups as a whole DO in the obstructed animals that received ASA did not differ 
from DO in untreated obstructed animals, Figure 5. However, 5 out of the 8 animals 
had less DO than the obstruction group, Figure 6, while three had an intermediate to 
very high degree of DO. The 2 animals with the most severe DO also showed the most 
glycogen accumulation at end point, as indicated by the PAS score of 2.  

 
 
 
 
 
 
EVG 
The EVG score, indicating collagen infiltration into the detrusor muscle, for the ASA 
treated animals, 2,5± 0,2, was significantly (p<0,01) higher than the score for the 
SHAM group, 1,1±0,1, and equal to the score for animals that were obstructed for 9 
weeks or more without treatment, 2,4±0,2. 

Figure 5 
Effect of ASA on detrusor overactivity during
9 weeks of obstruction. The triangles
represent the SHAM group, squares the
obstruction group and filled circles the ASA
group. 

Figure 6 
Effect of ASA on detrusor overactivity in the
individual animals. In the two animals where
DO was high, the tissue obtained at week 10
showed much glycogen deposition (PAS
score of 2). The degree of collagen infiltration
into the muscle was similar in all animals
(EVG score).

Figure 4 
Effect of ASA on compliance
during 9 weeks of obstruction.
The triangles represent the
SHAM group, squares the
obstruction group and filled
circles the ASA group. * and &
significance of difference
versus obstruction group
p<0,01 respectively p<0,05. 
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Discussion 

Both animal [8] and human studies [9] show that the perfusion of the bladder wall is 
reduced by DO and high bladder pressure. In unobstructed conscious pigs the 
bladder blood flow decreases on average 50% during voiding and up to 67% at peak 
pressure [8]. Perfusion almost completely stops when intravesical pressure exceeds 41 
cm H2O [11] and already starts to decrease appreciably when bladder pressure rises 
during filling in a bladder rendered non-compliant by propofol [8]. The resulting focal 
hypoxia forces detrusor muscle cells to an anaerobic metabolism [8, 10]. During the 
period of reduced perfusion and re-perfusion the afferent nerves present in the 
bladder wall become excited or even damaged [11, 12]. Glycogen deposits are used to 
counteract this damage [12]. In a rabbit model the bladder was shown to respond to 
this by increasing small vessel density [16]. After long-term obstruction in the mini pig 
the increase in total blood flow for the bladder thus matches the increase in bladder 
mass. However, the new vessels in the obstructed bladder will still be susceptible to 
closure by high bladder pressure, which is even increased. In addition, the 
hypertrophied obstructed bladder wall appears even more vulnerable to disturbance 
of the blood flow. In mini-pigs applying an intravesical pressure of 20-30 cm H2O 
greatly decreased the blood flow in obstructed bladders while it had no effect on the 
blood flow in non-obstructed bladder. [17].  
We have previously shown that during obstruction glycogen accumulates in the 
detrusor cells. The degree of accumulation is proportional to the increase in bladder 
pressure during miction during the obstuctive period [5,6]. It seems likely that this 
glycogen accumulates in response to recurrent hypoxia both to accommodate 
anaerobic muscle function and to protect nerves during reperfusion. Glycogen 
deposits can protect afferent nerves from the oxidative damage that can occur during 
re-perfusion, as was shown for bladder strips from Guinea pig, man and monkey [12]. 
Something comparable happens in the brain. While the acute situation of hypoxia 
causes a drop in glycogen as it is being consumed, the glycogen content is actually 
supra-normal shortly there-after and is permanently increased when repeated 
situations of hypoxia occur [7]. Glycogen accumulation in the bladder muscle most 
likely reflects adaptation to repeated periods of hypoxia induced by high bladder 
pressure. The ultimate proof will be to measure blood flow in normal and obstructed 
bladder at different time points during obstruction. This has not been performed yet. 
We have previously shown that when obstructed guinea pigs are treated with 
oxybutynin, the bladder pressure remains low, no DO occurs and no glycogen is 
accumulated [13]. However, in some animals there was transient loss of Oxybutynin 
action. In these animals bladder pressure increased significantly, DO started and 
significant glycogen accumulation was found at end-point. Both in obstructed animals 
and obstructed animals treated with oxybutynin glycogen accumulation thus 
coincided with increased voiding pressure and in fact occurred when voiding 
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pressure increased above 95% upper limit of the normal range in our guinea pigs, 41 
cm H2O. In contrast, ASA treatment prevents glycogen accumulation in obstructed 
animals while voiding pressure is well above this limit. Apparently ASA decreases the 
detrimental effects of the high voiding pressure. This protection by ASA could be due 
to anti-thrombotic and vasodilatory effects [14]. This hypothesis was tested in an in-
vitro study with strips of rabbit bladder muscle. Strips from obstructed bladders 
showed reduced contractility upon electric stimulation while those from ASA treated 
obstructed animals showed less reduction in contractility [14]. The loss of response to 
electric stimulation was thought to result from afferent nerve damage. It was also 
noted that total bladder mass in both obstructed and ASA treated obstructed rabbits 
showed a comparable 4-fold increase. This increase is not as much a sign of damage 
but more a sign of adaptation to the high pressure. We also find no change in our 
parameter for fibrosis. Collagen infiltration into the detrusor increased to the same 
extent in both obstructed and ASA treated obstructed animals. In seeming contrast to 
the in vitro data obtained with acute experiments with bladder strips we find an 
increase of total bladder contractility in our chronic in vivo study. Apparently the 
increase in muscle mass outweighs the decrease in intrinsic contractility of the 
individual fibres. In addition it may be that ASA maintains a better perfusion in vivo 
what enables the increased muscle mass to produce even more force than the same 
amount of muscle mass in obstructed bladder without ASA. The extra collagen 
reflects adaptation to that high pressure. It is very likely that during the peak voiding 
pressure blood flow through the bladder wall is also reduced under ASA treatment. A 
vasodilatory effect of ASA during the period of re-perfusion filling phase could act to 
prevent nerve damage. This protection, however, appears incomplete. The unstable 
contractions that we see suggest that some nerve excitement does occur. However, the 
fact that compliance remains good and only moderate glycogen accumulation occurs 
indicate that no permanent damage occurs. The maintenance of a good compliance 
could be related to a second effect that has been ascribed to ASA, inhibition of 
prostanoids synthesis [18]. Cyclooxygenase enzymes in the bladder wall produce 
prostanoids in response to stretch [19]. The prostanoids modulate afferent nerve 
activity and contribute to the basal detrusor muscle tone [20, 21]. The strong decrease 
in bladder compliance that we witness directly after obstruction [3] can probably be 
ascribed to prostanoids production by the detrusor smooth muscle cells and ASA 
appears to inhibit this.  
A possibility that was not explored in our study is that chronic administration of ASA 
effects the bladder function also in the unobstructed state, for instance by changes in 
diuresis. Chronic increased diuresis may affect bladder function. It is not known if 
chronic administration of ASA causes chronic diuresis. The acute response to a 
therapeutic dose of ASA is a decrease in diuresis [22]. This makes a chronic increase in 
diuresis unlikely. 
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In conclusion ASA appears to protect the obstructed bladder against high pressure 
induced ischemic damage. The protection is not complete as DO does occur. An 
interesting study will be to combine ASA with a compound like oxybutynin that 
interferes with the generation of high bladder pressure and DO. In addition it will be 
worth studying whether a bladder that has been treated with ASA during obstruction 
shows a better regain in bladder function after de-obstruction.  
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Abstract 

Aims: We have examined whether voiding pressure, contractility, detrusor 
overactivity, compliance and combinations of these variables correlates to glycogen 
deposition as a measure for ischemia in guinea pigs with BOO under different 
medications. 
Methods: In a guinea pig model for BOO flow rate, detrusor overactivity (DO), 
voiding pressure at maximum flow (pDETmax), contractility and compliance were 
assessed weekly in each animal for up to 16 weeks. We applied oxybutynin and 
aspirin to reduce ischemic changes upon PBOO. After sacrifice, bladder wall cross-
sections were stained to score granular glycogen deposits in the detrusor from 0 (no 
glycogen) to 3 (most intense). 
Results: In obstructed animals, pDETmax, contractility and DO increased, compliance 
decreased and the glycogen score (GS) was 2.2. In BOO with oxybutynin pDETmax 

remained low, compliance normal and GS was 1.0. In 2 animals pDETmax rose 
transiently and the GS was 2.5. In BOO with aspirin, pDETmax and contractility were 
increased even more than with BOO alone while DO was the same but compliance 
remained normal and GS was 1.0. 
Conclusion: Glycogen deposition is mostly related to reduced compliance and DO. 
More emphasis on changes in bladder compliance and insight into parameters 
reflecting reduced bladder perfusion like glycogen deposition could benefit the 
follow-up of patients with obstruction. 
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Introduction 

The cause of bladder outlet obstruction (BOO) varies from prostate enlargement in 
adult men to neurogenic bladder disorders or posterior urethral valves (PUV) in 
children. The consequence of a partially closed urethra is that the bladder pressure 
during voiding increases and the bladder muscle has to work harder. Over time a 
bladder that experiences obstruction will show structural changes that include an 
increase in muscle mass and collagen deposition [1]. These changes may serve the 
purpose of ensuring good bladder emptying but unfortunately they negatively effect 
the elastic properties of the bladder and thereby its storage function. 
Which exact mechanisms couple the BOO to the structural and functional changes is 
not clear yet. Obviously, the increased voiding pressure may be suspected to play an 
initiating role. Indeed there is evidence that bladder urothelial and muscle cells are 
mechano-sensitive and react to stretch and pressure on the urothelium. The role of 
bladder detrusor cells stress have been well described with in vitro studies in which 
detrusor strips en cell cultures on stretchable media were stretched. It was found that 
the cells showed gene expression and protein synthesis related to the complex 
pathway that leads to adaptions needed for increased resistance against higher 
pressures [1, 2]. This mechanism may apply for a dysfunctional bladder nervous 
system, e.g. spina bifida, where overfilling is a common problem. However, with BOO 
it is not clear whether the bladder is actually overfilled. Therefore the question 
remains whether if this adaptation mechanism in the bladder with BOO is actually 
triggered by tissue stretch. An alternative cause for triggering this mechanism may be 
the compression of tissue, urothelium in particular, caused by increased intravesical 
pressures. 
Another event related with functional and structural changes is the occurrence of 
ischemia, as blood flow is decreased during increased bladder pressures [3, 4]. The 
cyclic episodes of ischemic conditions followed by reperfusion, created by filling and 
emptying of the bladder, lead to generation of free radicals of reactive oxygen and 
nitrogen species [5]. Recent studies have shown that such ischemia related oxidative 
stress causes mitochondrial DNA deletions in detrusor cells [6].  It also causes 
membrane and sub-cellular organelle damage, to which intrinsic nerve cells are the 
most susceptible [7]. Nerve damage in turn is believed to cause bladder overactivity, 
thereby enlarging the periods of ischemic conditions. 
In the human, monkey and guinea pig bladder ischemia has been linked to glycogen 
accumulation within the detrusor [8]. In addition, we have shown that the amount of 
glycogen accumulation follows the progression in decreasing bladder function in our 
guinea pig model for partial BOO (PBOO). In this model the bladder function was 
measured weekly under anaesthetics in all individual animals with urodynamic 
measurements [9]. Using this same model we also applied medical intervention with 
oxybutynin and aspirin respectively to limit the progression of bladder dysfunction 
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during PBOO [10, 11]. As was expected oxybutynin limited the increase in bladder 
pressures during voiding but aspirin allowed bladders to develop very high pressures 
during voiding. In contrast the effect of both regimens on bladder compliance was 
similar. Compliance remained good with oxybutynin and decreased only slightly with 
aspirin. DO was suppressed only with oxybutynin but contractility raised despite 
intervention with both anticholinergics.  
In this paper we further explore this seeming contradiction that compliance remains 
good both under low and high voiding pressures. For this we have re-evaluated the 
previously published [9, 10, 11] data on changes in bladder function and bladder 
structure under four conditions: no obstruction, obstruction only, obstruction plus 
oxybutynin and obstruction plus aspirin. The outcome of this study, better insight into 
the interplay between structural and functional changes in the detrusor during BOO, 
may help to focus research and clinical efforts for optimal prevention of (further) 
bladder functional deterioration or even regeneration of function. 
 
 
Materials and Methods 

All data used here was derived from studies described in previous publications [9, 10, 
11]. In this paper we combine this data into a new interpretation.  
 
Animal model and animal groups 
All data are based on urodynamic measurements and bladder tissues that were 
obtained from a guinea-pig model for PBOO; to allow for urodynamic follow-up from 
the start of PBOO, and be able to surgically apply PBOO, the guinea pigs had to weigh 
�300 g (�6 weeks old). The model was extensively described previously [12, 13]. In 
addition, this model was further developed for medical intervention, as recently 
published [10, 11].  Briefly, bladder pressure was measured in each guinea pig 
through a suprapubic bladder catheter, and the urinary flow rate was measured using 
an ultrasound flow probe attached loosely around the penis. This was done weekly, 
starting just before imposing PBOO and ending just before the animal was sacrificed. 
Six animals (OTO) were obstructed and received Oxybutynin, 0.4 mg/kg body 
weight/day administered orally twice a day in equal portions, for a total period of 10 
weeks. Oxybutynin was acquired as syrup (Dridase). 
Seven animals (ATO) were obstructed and received aspirin, 4 mg/kg body 
weight/day, also administered orally twice a day in equal portions, for 10 weeks 
(acetyl salicylic acid, Sigma, Zwijndrecht, The Netherlands). Sixteen animals were 
obstructed and followed for 7 to 10 weeks and ten animals were sham operated and 
followed for up to 9 weeks (in all 39 in total). 
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Urodynamic data 
For all animals we obtained the bladder pressure at maximum flow rate (pQmax), 
contractility (Wmax), compliance (mL/cmH2O) calculated as Δ infused volume/Δ 
bladder pressure and the number of unstable contractions (NUC) as a measure for 
detrusor overactivity (DO). 
 
Tissue structure 
All animals were sacrificed directly after the last measurement and the bladder was 
taken out. Bladder tissues were snap-frozen in liquid nitrogen-cooled isopentane and 
stored at – 80 °C until use. About half of each bladder tissue sample was later fixed in 
10% buffered formalin (pH 7.4) and embedded in paraffin wax for sectioning. Cross-
sections of 4 µm covering all bladder wall layers were made for staining with periodic 
acid Schiff’s protocol (PAS stain). As described in our previous work [9] we used the 
PAS stain to score the number of glycogen granules staining in the detrusor layer 
within the cross-sections of bladder wall tissues. Using light microscopy, three 
researchers scored the cross-sections while unaware of origin, with scores of 0 
(minimal staining) to 1 (little staining), 2 (strong staining) and 3 (maximum staining). 
The abundance of the staining correlated with the site of glycogen deposition; a score 
of 1 represented light glycogen granule staining only at the serosal side; a score of 2 
represented more intense staining, where glycogen granules were found deeper into 
the muscle layer; a score of 3 represented strong staining of glycogen granules that 
were present throughout the muscle layer. With four scoring groups we could 
combine good differentiation of the amount of glycogen with group sizes that allow 
statistical analysis. 
 
 
Results 

The results for glycogen scoring on obstructed and sham / controls tissue sections are 
derived from our previous work on glycogen scoring [9, 14]. We found a clear 
correlation between the site of glycogen deposition and the amount of stained 
granules. A glycogen score 0 represented no visible glycogen granules. For glycogen 
score 1 there were a few glycogen granules only close to the serosa. For glycogen score 
2 the amount of staining was clearly greater and granules appear deeper into the 
muscle layer towards the urothelium. Tissues with glycogen score 3 had the most 
stained granules, which were visible throughout the whole detrusor layer. Glycogen 
granules always appeared within the cytoplasm of muscle cells. Tissue sections with 
PAS stains from the animals treated with aspirin and oxybutynin were evaluated in 
the same way. Figures 1a and 1b show examples of respectively a glycogen score 1 
and a glycogen score 3 from ATO animals. These examples are also representative for 
the obstructed, sham / controls and OTO animals. 
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The inter-observer differences for one tissue sample were < 1 score value; the results of 
the three observers were averaged to obtain the mean score for each tissue. Table 1 
shows the distribution of glycogen scoring in tissues along the obstructed, sham / 
controls, aspirin and OTO animals. 
 
 

Glycogen score 0 1 2 3 Number of animals 

BOO 1 1 6 8 16 
Control / sham 7 2 1 0 10 
Aspirin & BOO 2 3 2 0 7 
Oxybutynin & BOO 0 4 1 1 6 

Total 10 10 10 9 39 

Table 1 

All animals from the ATO group and some of the animals from the other groups were 
not measured in week 1. These animals did not completely recover yet from the 
operation for placing the silver ring. Therefore a suprapubic catheter could not be 
installed. Two weeks after the operation all animals had recovered well. 
In figure 2a the averaged pressure for each group as function of the time is plotted. 
Error bars represent the standard error of the mean, SEM (SD/ n ). A significant 
difference compared to the sham / controls group is annotated by * (p<0.05). A 
significant difference between the obstructed group and the ATO and OTO groups is 
annotated by † (p<0.05). In week 9 only one sham-operated animal was measured, in 
week 10 no data from sham / controls was available. This accounts for all urodynamic 
variables. 
There is a distinct increase in pressure from the ATO group compared to the sham / 
controls group, with significance on week 2 to 8. Also compared to the obstructed 
group the increase is obvious, with significance on weeks 5, 8 and 10. Note the large 
spread; at several weeks some ATO animals reached pressures above 100 cm H2O. 
Pressures in the OTO group were almost identical to the sham / controls group, only 
in weeks 4 (p<0.05), 8 and 9 some differences occurred. Compared to the obstructed 
group, it seemed lower, although only significant at weeks 3 and 7. The pressures 

Figure 1 
Example of PAS stains of bladder 
detrusor layer with scores 0 and 3. 
Bar = 200 µm. Inserts are 4x 
enlargements. Some glycogen 
granules are denoted with arrows. 
Color image: see appendix. 
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from the obstructed group was higher than from the sham / controls group, however 
only significant at weeks 3 and 4. 
Figure 2b shows the contractility of all groups as function of the time. The obstructed, 
ATO and OTO groups all seemed to have a higher contractility after 2 weeks onwards. 
The ATO group differed significantly from weeks 2 to 8, the OTO group only at week 
2, 4, 6 and 7 and the obstructed group only at weeks 2, 3 and 6. The contractility from 
OTO and obstructed group were quite similar. The ATO group had even higher 
contractility than from the obstructed group, with significance at weeks 2, 5, 8 and 10. 
The contractility from the obstructed group in week 0 (before placement of PBOO) 
was lower than in all other groups (p<0.05). There is no clear explanation for this 
event. 
Figure 2c shows the compliance as function of the time. The compliance of the OTO 
group appears to be higher than that of the sham / controls group, though only 
significance appeared at weeks 4 and 7. The SEM is large shows a large spread and is 
due to the manner in which compliance is calculated. Still, there is a significant 
difference with the obstructed group along the whole time-span, except at week 1. At 
week 0, before placement of PBOO and treatment, no difference between the groups is 
expected, so for the increase of the OTO there is no clear explanation. Compliance of 
the obstructed group is significantly lower than the sham / controls at almost all 
weeks and the ATO seemed to be intermediate between the sham / controls and the 
obstructed group. 

Figure 2 
For all graphs: 10 weeks follow-up of bladder urodynamic variables pressure at maximum flow
(A), contractility (B), compliance (C) and number of unstable contractions (D). Solid black lines
with round points = control animals (week 10 not present), striped lines with checker points =
obstructed animals, solid grey lines with square points = ATO animals, dotted lines with triangle
points = OTO animals.
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In Figure 2d the NUC as function of the time is plotted. Both the sham-operated as the 
OTO group had almost no unstable contractions, although at week 10 the NUC of the 
OTO group rapidly increased. The obstructed and ATO groups have more unstable 
contractions, sometimes significant, but the spread is large and averages seem to 
fluctuate. 
In table 2 the average glycogen scores with the SEM between brackets per group are 
given. All differences between sham / controls and the other groups were significant. 
Furthermore, only ATO was significantly different from the obstructed group. 
 
 

Animal Group Averaged glycogen 
score (SEM) 

P value vs. 
Sham / controls 

P value vs. 
Obstructed 

P value vs. 
OTO 

ATO 1.0 (0.31) 0.007 0.005 0.347 

OTO 1.5 (0.34) 0.012 0.051  

Obstructed 2.3 (0.22) 0.000   

Sham / controls 0.40 (0.22)    

Table 2 
 
 
 

Percentage outside range of 2SD Sham / controls (weeks & glycogen)  
Group of 
animals 

 
Urodynamic 
variable 0 1 2 3 4 5 6 7 8 9 10 Glycogen 

score 
Pressure 0 8 7 31 44 42 47 57 36 40 57 

Contractility 0 10 40 56 60 42 47 29 40 60 33 

Compliance 0 9 14 13 56 25 64 0 11 57 40 

NUC 13 38 57 47 63 25 43 44 42 17 57 

 
 
88 

 
 
Obstructed 

Animals (n) 16 12 14 16 16 12 14 8 11 6 6 16 

Pressure 0 - 29 57 57 100 100 100 100 100 83 

Contractility 0 - 86 71 83 100 83 83 100 86 100 

Compliance 0 - 0 14 0 0 0 0 0 0 17 

NUC 0 - 29 14 43 43 43 43 57 57 57 

 
 
29 

 
 
ATO 

Animals (n) 7 - 7 7 7 6 6 6 7 7 6 7 

Pressure 0 0 0 0 0 0 0 0 33 17 33 

Contractility 0 33 17 50 0 60 67 50 40 67 67 

Compliance 0 0 0 0 0 0 0 0 0 0 0 

NUC 0 17 0 33 0 0 17 0 17 17 17 

 
 
33 

 
 
OTO 

Animals (n) 6 6 6 6 6 6 6 6 6 6 6 6 

Table 3 
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For most of the variables used in the clinic, such as bladder pressure, the normal range 
of measured values is denoted as the confidence interval (2SD) of the mean of normal 
values. Values outside the normal range indicate abnormal conditions. This approach 
was also tested for all urodynamic variables and the glycogen scores for each week. 
Data of all weeks from the sham / controls group were averaged and 2SD was 
determined, assumed that the normal value was constant during the 9 weeks. The 
results are plotted in table 3. 
 
 
Discussion 

In order to assess insight on the relationship between muscle function and ischemic 
conditions, we applied a bilateral approach. In one approach the forming of ischemic 
conditions is limited by aspirin. Recently we have shown that aspirin maintains blood 
flow during BOO [11]. Aspirin also has a role in the breakdown of prostaglandins. [15] 
Prostaglandin levels, in particular PGE2 seem to be increased during BOO, causing 
bladder over activity [16]. However, our results do not confirm this finding. Without 
ischemic conditions the detrusor can work under optimal aerobic conditions because 
the oxygen supply is intact. We then compared the bladder function during 
obstruction with and without intervention with aspirin. In the other approach the 
detrusor is actually suppressed by oxybutynin. Oxybutynin binds primarily to 
muscarinic receptors in the bladder, though binding to other receptors leading to 
unwanted side effects are well known [17]. In this way the signal transfer from the 
efferent nerves to the detrusor cells is (partially) blocked. The bladder is then limited 
to produce high pressures during voiding. Arteries within the bladder wall are not 
compressed and blood flow is preserved. Also detrusor overactivity, which may also 
result in partially compressed arteries, is suppressed. Again we compared the bladder 
function during obstruction with and without intervention with oxybutynin. 
The glycogen scores as a measure for the amount of ischemic conditions are 
representative for the whole time-path of changes in urodynamic variables. We have 
shown this relation between bladder structure and the importance of insight on how 
each bladder has reached the end-stage using the time-path of urodynamic 
measurements previously [9, 14]. In this work we have shown that intervention with 
both aspirin and oxybutynin reduces the amount of ischemic conditions (aspirin 
significant, table 2). Still, the averaged glycogen scores of these interventions show 
that they do not completely prevent ischemia when compared to sham-operated and 
controls animals. Table 1 shows that in general the glycogen scores are around 1 but a 
few individuals have higher scores. It is likely to assume that intervention in these 
individuals did not occur, e.g. no effective oral intake, rather than that it did not work, 
although a larger number of animals is needed to emphasize this proposition. 
Animals with only obstruction showed a clear increase in average glycogen score. 
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Two animals had low scores and all urodynamic variables were inside the normal 
range. It could be that the placement of a silver ring in these animals was not effective 
to cause PBOO. One sham-operated animal had a glycogen score of 2, combined with 
a slight increase in pressure and contractility during weeks 1 and 2. 
A prominent finding in the compliance is the high averaged values and large spread 
of OTO animals. Sham / controls animals have considerable lower values. Since 
oxybutynin relaxes the detrusor, this suggests that the detrusor in a normal functional 
bladder might still be under slight tension. The compliance in ATO animals fluctuates 
between normal and obstructed values. Aspirin does not influence detrusor activity 
directly but its supposed inhibitory role in prostanoids synthesis [18] may enhance 
relaxation of the detrusor after voiding. Aspirin also has a vasodilatory effect [19], 
preserving the blood flow and thereby reducing nerve damage [11]. The apparent 
shift of ATO compliance from normal to obstructed values might be related to 
decreased effectiveness in combination with increasing voiding pressures over time. 
As shown before [20] the compliance of obstructed animals immediately reduces and 
remains low during the whole period of obstruction. Both the sham / controls and the 
OTO group have almost no detrusor overactivity, as was expected. The obstructed 
bladders showed an increased NUC, in which the spread was large. 
Detrusor overactivity may be generated as a consequence of nerve damage, which in 
turn is caused by ischemia [7]. However, in the ATO group with significant less 
ischemic conditions as determined with the glycogen scores the NUC are also 
markedly increased, though again with a large spread. This indicates another cause 
for detrusor overactivity.  
The contractility of ATO animals increases the most because the detrusor can work 
under aerobic conditions. The high averaged pressures from the ATO group confirm 
this. Though the detrusor in obstructed animals is also triggered to work harder, it 
must deal with ischemic conditions and therefore works less efficient. Future studies 
on the ratio of myosin subtypes SM1/SM2 and other related biochemical changes upon 
ischemia might emphasize this. The increased resistance from PBOO demands more 
force to empty the bladder, thus contractility is also increased in the OTO group. But 
the averaged pressures in this group remain the same as the sham / controls group. 
We postulate that the increase in contractility comes from the longer durations of 
voiding time (data not shown). An interesting finding was that the pressures in the 
obstructed group showed a trend of increase compared to sham / controls but only at 
a few weeks it was significant. In the clinic voiding pressure at maximum flow rate is 
an important variable to assess whether bladder function is normal or not. The 
criterion for an abnormal value is that it is outside the 95% confidence interval of 
normal values (2SD). In table 3 we have shown that a minimum of 43% of bladders 
with PBOO will be missed when using this approach while structural analysis on 
detection of ischemia missed 12%. Glycogen scores of 0 and 1 are defined as normal 
glycogen amount and scores 2 and 3 defined as increased glycogen linked to ischemic 
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conditions. With 12.5% (2 out of 16) of the obstructed animals determined as normal, 
the 95% confidence interval is correct in this matter. We have the idea that the use of 
voiding pressures as variable to determine bladder dysfunction is questionable. 
Furthermore, the other urodynamic variables for obstructed animals in table 3 showed 
similar percentages, though the spread is large. Controversially, with this same 
approach on voiding pressures all ATO bladders were determined as dysfunctional at 
several weeks, while the confidence interval on the glycogen score revealed only 29%. 
Again, this is exactly according to our definitions on glycogen scoring for ischemia 
with 2 out of 7 animals that are higher than score 1. Percentages on contractility are 
similar but for NUC these percentages were lower, mainly because of the large 
spread. Almost no values of compliance were outside the normal range, due to the 
relative large spread in the values of the sham / controls group. 
In the OTO group it is obvious that the use of pressure and NUC as variables for 
detecting bladder dysfunction is not appropriate. Since the compliance in the OTO 
group is increased compared to the sham / controls group as explained earlier, this 
variable neither is of any use. The contractility from this group is comparable to the 
obstruction group and also the percentages in table 3 are comparable. Comparable to 
the ATO group 2 out of 6 animals had a glycogen score of 2 respectively 3, thus 
having ischemic periods. The percentage of glycogen scores outside the confidence 
interval confirmed this. 
 
Conclusion 
In conclusion, PBOO leads to an increased level of glycogen storages, representative 
for ischemic conditions. Intervention with both oxybutynin and aspirin reduced this 
glycogen accumulation significantly. Bladder functional variables that correlated the 
most with this decreased glycogen accumulation upon intervention were compliance 
and to a lesser degree detrusor overactivity. Bladder pressure at voiding in OTO 
animals and control animals were very similar, yet in ATO animals the pressure was 
markedly increased, even higher than in obstructed animals. Bladder contractility 
showed no correlation with reduced ischemic contitions. 
Moreover, as medical intervention may prevent further loss or even improve the 
conditions for bladder function, it may also mislead the interpretation of urodynamic 
variables. We therefore emphasize the need to focus on monitoring bladder structure. 
In particular the ability to determine the level of ischemic conditions may be 
successful.  
However, when using histochemistry in a clinical application, biopsies of bladder wall 
tissues are needed. To overcome this problem we are studying the possibilities of non-
destructive optical techniques to detect biochemical changes that are related to 
bladder dysfunction. Previously we published a study using Raman spectroscopy in 
which collagen infiltration and glycogen accumulation within muscle fibres of the 
detrusor layer was detected [21]. Non-destructive techniques that can monitor 
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ischemic conditions more directly such as differential pathlength spectroscopy are 
also in focus for research [22]. 
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Abstract 

Purpose: To explore the applicability of Raman spectroscopy for in situ investigation of 
bladder wall tissue.  
Materials and methods: Bladder wall tissue was obtained from a guinea pig model. 
Frozen sections were used for Raman spectroscopic investigations. Of each section, 
500-700 spectra were obtained in a 2-dimensional grid, spanning an area that included 
the urothelium, lamina propria and muscle layer. The data set of spectra was 
subdivided into groups of similar spectra by means of a cluster analysis algorithm. 
With each group assigned a different color, Raman maps of the frozen sections were 
constructed based on group membership of the measured spectra. These maps were 
then compared with histological and histochemical data obtained from haematoxilin-
eosin (HE) staining and immunohistochemical staining for collagen I and III and for 
smooth muscle actin, in order to correlate Raman spectral features with bladder wall 
structure and molecular composition.   
Results: The urothelium, lamina propria and muscle layer can be clearly distinguished 
based on their Raman spectra. The lamina propria spectra are dominated by signal 
contributions of collagen, the smooth muscle layer shows strong signal contributions 
of actin. The urothelium has a relatively strong lipid signal contribution.  
Conclusions: These results and the fact that Raman spectroscopy is rapidly evolving 
into a technology that can be applied in vivo, by means of thin flexible fiber optic 
catheters, indicate that the prospects are good for in vivo analysis of the molecular 
composition of the normal and pathologic bladder, without the necessity of taking 
biopsies. 
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Introduction 

Bladder outlet obstruction (BOO), like posterior urethral valves (PUV) in children and 
benign prostate hypertrophy in adults, causes changes in bladder function and 
structure 1,2. Functional changes are reflected by urodynamic abnormalities as: 
increased bladder pressure, instability, changed flow rate, in- or decreased bladder 
contractility and decreased bladder compliance 3,4. The end stage varies, in boys with 
PUV from a de-compensated bladder to a contracted non-compliant bladder 2. 
Structural changes include increased bladder wall thickness, muscle cell hypertrophy, 
extra-cellular matrix deposition and changes in collagen types 5,6. Many questions 
remain regarding BOO. It is not clear yet if obstructed bladders follow a specific path 
of functional and structural deterioration and the exact relations between functional 
and structural changes are as yet undetermined. Also the response of a bladder to 
relief of the obstruction is unpredictable. Clinically this information is hard to gain as 
the early stages of deterioration are usually missed in patients. Animal models, like 
guinea pigs, showing all features encountered in the human situation 7,8, are used to 
study the whole sequence from onset of the obstruction onwards. In this model we 
demonstrated that the changes in bladder function followed a specific path in which 
two phases were recognized. Bladder pressure, maximum urine flow rate and 
contractility first increased in response to the induced increase in urethral resistance 
then stabilized and decreased. There was an initial decrease in compliance that was 
ascribed mainly to increased muscle tension. After the other parameters reached their 
plateau value compliance decreased further, now related to changes in bladder matrix 
structure 7,8. We hypothesized that the different degrees of structural changes in these 
two phases may co-determine recovery or further deterioration, upon removal of the 
obstruction. 
Therefore we need techniques that enable monitoring of changes in bladder structure, 
related to concomitant changes in bladder function. The classical means for this, 
histochemical analysis of biopsy material, has the important drawback that it only 
allows for a limited number of focal measurements at a single point in time. We are 
therefore developing a method that can be repeatedly applied in vivo, at multiple sites 
and without a need for taking biopsies. Raman spectroscopy promises to become such 
a technique 9-11. 
 
Raman spectroscopy 
Interaction with molecules in the tissue leads to scattering of the incident light. A 
small fraction of the light is scattered at wavelengths different from the wavelength of 
the incident light, because some of the energy of the incident photon is transferred to 
the molecule, in which a vibration is excited. The amount of energy that is transferred 
in such a Raman scattering event is sharply defined by the masses of the atoms 
involved in the vibration, the type of chemical bond between them, the chemical 
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(micro)environment of the vibrating molecular group and the molecular conformation 
9,10. Therefore, Raman spectra are highly molecule specific 12. The Raman spectra 
obtained from complex molecular mixtures such as cells or tissues will contain signal 
contributions from all molecules present and are in fact a representation of the overall 
molecular composition of the tissue. Depending on the specific application this 
information can either be explicitly extracted from the spectra, or the spectra can be 
used as highly specific optical spectroscopic fingerprints, by which a cell or tissue can 
be identified. This is possible since in principle different types of tissues or cells will 
always differ in their overall molecular composition and therefore will have different 
Raman spectra. Raman spectroscopy has been successfully applied for the in vivo 
determination of the molecular composition of arterial tissue 13 and skin 14, for the 
identification of micro-organisms 15 and for the in vivo classification of different stages 
in malignant transformation 16. 
With the ultimate goal in mind, to apply Raman spectroscopy to monitor and relate 
changes in bladder wall structure and molecular composition to changes in bladder 
function, we have investigated the possibility to identify the different tissue layers in 
cross sections of bladder wall tissue on the basis of their in vitro Raman spectrum and 
we have identified the sources of the main signal contributions in each tissue layer.  
We also have performed preliminary in vivo Raman spectroscopy on bladders. In vivo 
Raman spectra contain signal from all layers, contrary to in vitro Raman spectra which 
are measured separately in each layer. We have determined the signal contributions of 
each layer to the in vivo Raman spectra of bladders in both filled and emptied 
conditions.  
Our goal is to identify damage in bladders, related to differences in layer 
contributions and molecular changes in the in vivo Raman spectra as the ultimate 
clinical application. 
 
 
Materials and methods 

Immunohistochemistry  
Immunohistochemistry was used to locate smooth muscle actin (mouse anti-human 
smooth muscle actin, Biogenex, San Ramon, CA), collagen I (mouse anti-human 
collagen I, Novus Molecular Inc.) and collagen III (mouse anti-human collagen III, 
Biogenex, San Ramon, CA). Detection of the primary antibodies was done with the 
StrAviGen MultiLink® Kit from Biogenex which contains a biotinylated multilinker 
against all rodents and a horseradish peroxidase-conjugated streptavidin label. DAB 
was used together with H2O2 as substrate. The collagen I primary antibody was 
developed for use on frozen sections but could be applied to paraffin sections after a 
0,1% pronase treatment, 15 min. at 37°C. 
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In vitro Raman spectroscopy 
Bladder tissue was collected from guinea pigs, used in our model for partial urethral 
obstruction 7. Part of the tissue was snap frozen in liquid nitrogen cooled isopentane, 
stored at –80°C and used for Raman spectroscopic analysis. Frozen sections of 40–50 
µm in thickness were cut and air-dried several hours prior to Raman spectroscopy. 
Formalin (10%) fixed tissue was embedded in paraffin and 5 µm thick sections were 
used for immunohistochemistry. 
Frozen sections were placed under a microscope (DM-RXE, Leica, Cambridge, UK) 
that was interfaced to a Raman microspectrometer setup (figure 1a) built in-house. To 
collect Raman spectra, near infrared laser light (~847 nm) from an Argon-ion pumped 
Titanium: Sapphire laser system (Spectra Physics, Mountain View, CA) was coupled 
into a microscope (DM-RXE, Leica, Cambridge, UK) via a single mode optical fiber (∅ 
0.1 mm) and a high pass filter (HPF). An 80x NIR optimized objective (Olympus, 
Japan) was used to focus the laser light onto the tissue sample, and to collect light that 
was scattered by the sample. The HPF (a chevron type dielectric filter set) was used 
for optical coupling of the laser, the microscope and the spectrometer, and for 
suppression of the laser light that was scattered back by the tissue sample 17. The 
inelastically scattered Raman light was focused onto the 100 µm ∅ core of an optical 
fiber, which coupled the light into a spectrometer (System 100, Renishaw, Wotton 
under Edge, UK), equipped with a thermoelectrically cooled deep-depletion CCD 
camera. The CCD camera was connected to a personal computer where data were 
stored and analyzed.  

Figure 1 
Schematic presentation of in vitro (a) and
in vivo (b) Raman sprectroscopic setups.
Fiberoptic probe tip is enlarged. Black area
represents tissue volume from which
Raman signal is most efficiently collected.
L, laser beam. HPF, high pass filter. M,
microscope. OF, optical fiber. S,
spectrometer. PC, personal computer. VC,
video camera. VI, video imaging. P, probe.
T, tissue. 
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Four frozen sections of bladder wall tissue on individual calciumfluoride (CaF2) 

windows were placed on the motorized, computer controlled sample stage of the 
microscope (Leica DM STC, Cambridge, UK). Acquisition of Raman spectra and 
microscope stage movement were controlled by Grams/32 Spectral Notebase Software 
(Galactic Industries Corp., Salem, NH). Tissue areas containing urothelium, lamina 
propria and muscle layer were selected and Raman maps of these areas were 
constructed. For these maps, 500-700 spectra were obtained representing 500-700 
elements of a 2-dimensional grid. The individual grid elements spanned tissue areas 
of 30 by 30 µm up to 90 by 90 µm. Signal collection time for each grid element was 60 
seconds, during which time the grid element was scanned through the laser focus so 
as to obtain an area-averaged Raman spectrum. After measuring, the tissue was 
stained with haematoxylin/eosin (HE) and a digital photograph of the measured 
location was taken. For compositional analysis, spectra from collagen I, collagen III 
and actin were measured. 
 
In vivo Raman spectroscopy 
To study the possibilities for in vivo Raman spectroscopy on bladder wall tissue, 
bladders from guinea pigs undergoing operations for urodynamic studies 4,7,8 were 
measured. No extra surgery or adjustments to the protocol were needed, additional 
operation time was 5 to 10 minutes. A detailed description of in vivo Raman setup 
(figure 1b) has been given elsewhere 13,16,18. A Visionex Gaser 10 forward viewing fiber 
optic probe was used to illuminate the bladder with laser light (wavelength 830 nm; 
laser power ~170 mW at the tissue; Process Instruments diode laser, Salt Lake City, 
UT) and to collect Raman signal from the tissue. The probe consists of a central 400 
µm ∅ illuminating fiber and 7 surrounding 300 µm ∅ collecting fibers inside a metal 
case (8F, ~ 2.5 mm ∅). Signal detection was done with a spectrometer (System 100, 
Renishaw, Wotton under Edge, UK) with a spectral interval from 800 - 1800 cm-1 and a 
collection time of 10 seconds. 
The probe was placed on the outside of the bladder wall measuring towards the 
urothelium. Bladders were measured in both filled and emptied conditions. 
 
Data analysis  
Wavenumber calibration and correction for the wavenumber dependent signal 
detection efficiency for both setups were carried out as described earlier 9,18. In 
addition to this, the emission lines of neon and neon-argon lamps were also used. 
Spectra were corrected for background signals and normalized, according to a 
procedure described by Wolthuis et al. 18. In vitro measurements were carried out in 
the 400 - 1800 wavenumber interval, in vivo measurements in the 800 – 1800 cm-1 
range. Spectral resolution of the in vitro and in vivo setup was approximately 
8 - 10 cm-1. 



Identification of bladder wall layers by Raman spectroscopy 

 103

Cluster analysis. In vitro data were processed with Principal Component Analysis 
(PCA), an unsupervised mathematical method that finds combinations of variables 
which describe the major spectral trends in the integer data set and making it 
orthogonal. I.T. Jolliffe 19 has defined the applications of PCA in more detail. PCA 
processed data were analyzed by means of cluster analysis. Cluster analysis is used to 
find groups of spectra that have resembling spectral characteristics. Several 
sophisticated clustering methods exist 20. Here we applied a simple method called K-
means clustering (KCA), which can easily handle large amounts of PCA processed 
data like the Raman maps presented here 20. With KCA, the spectra are grouped in a 
predetermined number of clusters. In short the procedure is as follows. For each 
cluster a spectrum is randomly chosen from the spectra in the data set, to act as initial 
cluster center. All spectra in the data set are then compared to these cluster centers 
and assigned to the center that they most resemble. After all spectra are assigned to a 
certain cluster, the new cluster centers are calculated by averaging all spectra assigned 
to a certain cluster. This procedure is repeated until a stable solution is reached. 
Four clusters are used for bladder wall tissue analysis, based on the assumption that 
spectra could describe the three bladder layers and the absence of tissue in the 
measuring volume (holes in the tissue sections or tissue section edges). The clusters 
that were formed by means of KCA were assigned a color. Each grid element of the 
Raman map was then assigned the color of the particular cluster to where its spectrum 
belonged. In this way a color-map of the frozen section was obtained, in which areas 
with similar spectra have the same color. This color-map was then compared with the 
HE stained tissue digital photo of the frozen section. 
These procedures of data analysis have been performed on four frozen sections of 
bladder wall tissue obtained from different animals. 
Non-Negative Least Squares fitting procedure. For the determination of the signal 
contributions of the different bladder wall layers to the total in vivo bladder wall 
spectrum, a non-negative least squares (NNLS) fitting procedure was performed 21. 
With NNLS the proportions of multiple spectra from different sources (i.e. chemicals, 
tissues) in one total spectrum can be determined. NNLS uses a database of spectra to 
construct a spectrum that has the highest possible similarity to the total spectrum to 
be fitted. Spectra in the database can only have a positive contribution to the fit. In 
order to determine the signal contributions of individual bladder wall layers to the in 
vivo total bladder wall spectra, a database was created consisting of in vitro spectra 
obtained from isolated tissue layers (urothelium, lamina propria and muscle) and 
guinea pig urine. The spectra of these layers were obtained by means of the same 
setup as used for the in vivo measurements. From the fit coefficients the relative signal 
contribution of the individual tissue layers to the in vivo bladder wall spectrum were 
determined. 
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Results 

Raman spectroscopy results 
Figure 2a shows the area of one of the four bladder wall cross-sections that were 
analyzed with Raman spectroscopy. After calibration and correction for background 
signal, a Raman spectrum was obtained for each grid element, as shown in figure 2b. 
For each tissue section 500-700 spectra were obtained in a 2-dimensional grid as 
described in the section on materials and methods. The spectra were grouped using K-
means cluster analysis and each group was assigned a color after which a color-map 
of the tissue section was constructed. These Raman-based color-maps were compared 
with the bright field microscopic image photographs of each of the measured tissues 
before and after HE-staining. As is evident from figure 3, the Raman maps closely 
corresponded to the bladder wall structure as seen in the photographs. 
The Raman map shows the urothelium in black, the lamina propria in dark and the 
smooth muscle layer in light gray. Locations in the image where no tissue was present 
and where accordingly only Raman signal from the support material was obtained are 
shown in white.  Some areas within the muscle layer gave rise to spectra that ended 
up in the same cluster as the spectra from the lamina propria. These areas correspond 
to bundles of collagen fibers between the muscle fibers. As is shown below the main 
signal contribution to the lamina propria spectra is also due to collagen. 

Figure 2 
Examples of measurement area on bladder wall tissue, divided in grid elements (a) and Raman
spectra measured in 3 grid elements (b). Dashed grid elements in a represent locations of these
measured spectra. A, urothelium. B, lamina propria. C, muscle layer. 
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Apart from this, the three bladder layers produce Raman spectra that differ 
sufficiently to distinguish between them. 

 
Compositional analysis  
The averaged spectra of the muscle layer cluster and the lamina propria cluster were 
compared with reference spectra of respectively actin and collagen, because these 
components are known to be abundant in these layers. Figure 4 illustrates that the 
spectrum of the muscle layer is dominated by signal contributions from actin. Both 
actin and myosin are two major intracellular muscle proteins. The spectra of these 
proteins are very similar 22-25.  

Likewise, figure 4 shows that the main signal contributions to the lamina propria 
spectrum come from collagen. The vertical lines together with peak positions 
emphasize correlation of tissue spectra and reference spectra 26,27. All band positions 
that are characteristic for collagen are also found in the spectrum of the lamina 
propria. The presence of the highest concentration of collagen in lamina propria was 
confirmed by immunohistochemical analysis (figure 5). 
 

Figure 3 
Comparison of Raman map of semi-
section of bladder wall (a) with
microscopic image of same section
after hematoxylin and eosin staining
(b). Urothelium (U) is black, lamina
propria (LP) is dark gray and muscle
layer (M) is light gray. Dark gray areas
throughout light gray muscle layer are
collagen fibers, which clustered with
lamina propria, and mainly consist of
collagen. White areas represent areas
without tissue Raman signal. 

Figure 4 
Raman spectrum of muscle layer
compared to actin spectrum and
Raman spectrum of lamina propria
compared to collagen spectrum. Small
vertical lines between tissue spectra
(black) and pure compound spectra
(gray) highlight similarities. 
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The urothelium contains stronger signal contributions from fatty acids that the spectra 
of the lamina propria or the muscle layer. This becomes clear when a difference 
spectrum is calculated (figure 6B, urothelium spectrum minus muscle layer spectrum), 
which enhances the differences between these spectra. Positive features in this 
spectrum correspond to molecular species present in a relatively higher concentration 
in the urothelium. A comparison with a typical fatty acid spectrum (oleic acid) shows 
that fatty acid concentration is higher in the urothelium. In figure 5 the vertical lines at 
1081 cm-1, 1261 cm-1, 1299 cm-1, 1439 cm-1 and 1659 cm-1 show the correlation between 
the urothelium residue spectrum and a spectrum of fatty acids. 
 
HE stained bladder wall sections reveal the typical bladder-wall layers, muscle, 
lamina propria and urothelium. Immunohistochemistry revealed the location of 
collagen I (figure 6a) and III (not shown) throughout the whole lamina propria and 
around the muscle fibers. There was no expression of either collagen I or III in the 
urothelium. Smooth muscle actin stained in the whole muscle layer and in small 
amounts around blood vessels in the lamina propria (figure 6b). 
 
In vivo Raman spectroscopy 
In figure 7 a typical example of a fit procedure on an in vivo bladder spectrum is 
shown. In this example the bladder was filled, which means that signal from urine 
was measured as well. Therefore a spectrum of guinea pig urine was added to the  

Figure 5 
Immunohistochemical staining of collagen (a) and
smooth muscle actin (b) in bladder wall with
diaminobenzidine tetrahydrochloride and Mayer’s
hematoxylin background staining. Collagen is
mainly present in lamina propria (LP) and in
smaller amount between muscle fibers (M). Actin
is mainly present in the muscle layer and around
blood vessels in the lamina propria. U,
urothelium. 
Color version: see appendix. 
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bladder spectral database, explained in materials and methods. The contribution of 
urine signal, first determined from the total bladder spectrum, is 51 %. The remaining 
of the fit result, consisting of purely tissue signal, is set to 100%. From this, the 
contributions of the individual bladder wall layers are determined; 65 % is from 
muscle layer, 16 % from lamina propria and 19 % from urothelium.  
A fit residual is produced by subtracting the total fit result from the whole bladder 
wall spectrum. The fit residual indicates where and to what extend the fit result still 
differs from the whole bladder spectrum. The fit procedure gives a good match but 
needs optimization. 

Figure 6 
Raman spectrum of urothelium
(a), difference of Raman
spectrum urothelium minus
muscle layer (b) and spectrum
of fatty acids (c). Urothelium
contains relatively more lipids
compared to other layers.
These lipid characteristics are
enhanced when muscle
spectrum is subtracted,
forming a different spectrum.
Similarities are clearly shown
between different spectrum
and spectrum of pure fatty
acids, indicated by thin vertical
lines. 

Figure 7 
In vivo Raman spectroscopy of
bladder wall shows whole
bladder Raman spectrum (a),
result of fit procedure of
spectrum a with spectra of
isolated bladder wall layers
(urothelium, lamina propria and
muscle layer) and fit result of
a-b (c). 
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Discussion 

The results of this work show that Raman spectroscopy has great potential for 
investigations of bladder pathologies in general, and for in vitro and in vivo 
monitoring of bladder wall structure and molecular composition of bladder wall 
layers in particular. It was shown by means of Raman microspectroscopic mapping 
and clustering analysis, that the spectra of the urothelium, the lamina propria and the 
smooth muscle layer are easily distinguishable. 
Moreover, as an initial comparison with reference spectra of pure compounds already 
makes clear, information can be obtained about the molecular composition of the 
different tissue layers. The lamina propria spectrum is characterized by strong signal 
contributions from collagen, as would also be expected, from a comparison with a 
collagen I immunohistochemical staining (figure 3). Not surprisingly, the smooth 
muscle layer has strong signal contributions from actin and myosin. Figure 6 shows 
that in comparison to the other tissue layers the lipid concentration is significantly 
higher in the urothelium. Urothelium cells are relatively small compared to lamina 
propria cells, have a higher concentration of intracellular free fatty acids 28 and there 
are no extra-cellular components such as collagen fibers between the cells. Therefore, 
the amount of cell membrane (which contain a high amount of fatty acids) per 
measured grid element is also increased. At the luminal side the urothelium also 
contains lipid-based plaques, which are impermeable for urine28. 
We are currently working to refine the analysis of the spectra from single bladder 
samples to obtain more detailed information about the molecular composition of the 
different tissue layers. Maps will be made at higher spatial resolution (in principle a 
sub-micron resolution can be obtained, as in any optical microscope). Spectra will be 
fitted with an extensive database of spectra of pure compounds, known or assumed to 
be present in a concentration that would lead to a measurable contribution to the 
Raman spectrum, analogous to previous work on arterial wall and skin 13,14. This 
would enable us to extend the research to series of samples, e.g. comparing normal 
bladder to obstructed bladder. It is well known that several changes take place in 
molecular composition of the bladder wall tissue layers as a result of urethral 
obstruction in specific regions. Moreover, bladder function loss is known to be related 
to changes in collagen depositioning.  
Our preliminary in vivo measurements show that in a single bladder spectrum the 
contributions of each bladder wall layer can be determined. Therefore we used a non-
negative least squares (NNLS) fitting procedure. For NNLS we have used a database 
consisted of spectra from the separated individual tissue layers (urothelium, lamina 
propria and muscle) and guinea pig urine to construct a spectrum that has the highest 
possible similarity to the total spectrum to be fitted. The total tissue contribution, 
obtained by excluding the urine signal from the fit result, has been set to 100%, from 
which we determined the contributions of each bladder wall layer. In the example, 
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half of the total signal is due to urine. In other bladder measurements in which the 
bladder was filled to a different extent, a different urine signal contribution was 
observed due to variation in the thickness of bladder wall samples. The fit residual, 
obtained by subtracting the fit result from the measured whole bladder wall spectrum, 
is an indicator to observe the accuracy of the fit procedure. Bands in the residual may 
be explained as molecular residues, not present in the fit spectra of the database, or 
that the fit spectra were not adequate enough. 
The quality of the bladder spectral database spectra can be improved by increasing the 
number of measurements on isolated bladder wall layers. With this in mind we will 
further develop in vivo Raman spectroscopy for determining specific alterations of 
bladder wall layer contribution due to obstruction. Based on the results of the in vitro 
studies, we will also explore if differences in molecular composition can be detected 
with in vivo measurements. 
On the one hand, the information obtained in such studies will provide valuable 
information that may help to further unravel the processes and events that lead to 
restoration of normal bladder function or irreversible loss of function, regarding the 
overall changes in molecular composition of bladder wall layers. On the other hand it 
may prove possible to use the changes in the Raman spectra that result from the 
changes in molecular composition to develop a diagnostic tool that will predict 
reversibility/irreversibility response to treatment. This may ultimately reduce the need 
for taking bladder biopsies and open the way for monitoring changes in bladder wall 
structure in a longitudinal fashion. 
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Abstract 

Bladder outlet obstruction leads to loss of bladder function as a result of structural 
damage. Functional parameters of an obstructed bladder do not enable a prediction of 
the clinical outcome of removal of the obstruction. Therefore other diagnostic methods 
are needed. This study presents first results of an approach based on Raman 
spectroscopy, which aims to detect changes in molecular composition of the bladder 
wall that may have diagnostic value. Raman spectroscopic mapping of unfixed 
sections of damaged and undamaged bladder wall from a guinea pig model of 
bladder obstruction was used to detect changes in composition of bladder muscle 
tissue. Collagen infiltration in muscle fibers was clearly visualized. Other 
compositional changes that are revealed include the accumulation of glycogen in 
obstructed bladder wall as well as an apparent but as yet unknown change in protein 
composition. In vivo Raman spectroscopic application may enable determination of 
bladder structure without the need for biopsies. These initial findings show that 
Raman spectroscopy can be a valuable diagnostic tool for evaluation of the extent of 
bladder structure loss. 
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Introduction 

Bladder outlet obstruction affects both pediatric and adult populations [1]. It leads to 
loss of bladder function and may affect kidney function. At present urodynamic 
parameters are used to diagnose bladder dysfunction. With this approach the chances 
for restoration of function upon removal of the obstruction cannot be predicted. 
Bladder dysfunction is characterized by increased bladder pressure, changed flow 
rates, instability, in- or decreased bladder contractility and decreased bladder 
compliance [2]. The rate at which these parameters deteriorate varies between 
individuals. Furthermore, for some parameters the direction of the change reverses 
over time. For instance, bladder contractility first increases, then stabilizes and finally 
may decrease again. It is difficult to establish the degree of bladder deterioration at a 
single time point from the urodynamic parameters unless the complete urodynamic 
history is also known. Clinically, the functional history of a specific bladder is usually 
unknown at the time a patient presents. In most cases only a single time point 
urodynamic evaluation is available. It is even more difficult to predict how a bladder 
will react to removal of the obstruction. Patients presenting with similar bladder 
function can either improve or further deteriorate. Additional diagnostic measures are 
needed to establish both the progression of deterioration for a specific bladder and its 
chances of functional recovery. 
The functional changes are accompanied by clear changes in bladder structure. In 
short, the bladder wall consists of three internal layers. The urothelium, the innermost 
layer, is an epithelium that is resistant to the urine it faces. A middle layer, the lamina 
propria, consists mainly of connective tissue (collagen) that smoothly stretches to a 
certain maximum and at that moment inhibits further stretching of the bladder. On 
the outside lies the muscle layer that, upon activation, provides the contraction to 
empty the bladder. Known structural changes due to obstruction are thickening of the 
total bladder wall, smooth muscle cell hypertrophy, extra-cellular matrix deposition in 
the lamina propria as well as collagen infiltration within muscle fibers [3, 4, 5]. It has 
been proposed that the collagen depositions in the lamina propria and collagen 
infiltration into the muscle layer are related to the decreasing compliance. Collagen 
infiltration in addition is thought to decrease bladder contractility by hindering 
proper muscle contraction, caused by local ischemia (improper blood perfusion) [6] or 
by separating the cells of the nervous system from the muscle fibers, which will 
interrupt activation of muscle contraction.  
Raman spectroscopic mapping can detect small changes in tissue structure, as was 
shown for various other tissues like brain tumors and basal cell carcinomas [7, 8]. 
Recently, we have shown that Raman spectroscopic mapping allows clear 
identification of the urothelium, lamina propria and muscle layer [9]. 
In this study we show that more detailed Raman spectroscopic mapping could be a 
diagnostic tool to characterize changes in composition of bladder wall.  
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Materials and methods 

Bladder tissue was obtained from guinea pigs used in our model for partial urethral 
obstruction [2, 10]. Normal and damaged tissues were selected based on urodynamic 
as well as histological observations. 
 
Raman spectroscopy 
For Raman mapping, frozen sections of 20–25 µm in thickness from four normal 
bladders and three obstructed bladders were individually mounted on CaF2 windows 
and air-dried several hours prior to Raman spectroscopy. The bladder wall samples 
were placed on the motorized, computer controlled sample stage of a microscope 
(DM-RXE, Leica, Cambridge, UK) that was interfaced to a Raman microspectrometer 
setup (figure 1) built in-house. Acquisition of Raman spectra was controlled by the 
WiRE 1.2 software (Renishaw) using Grams/32 Spectral Notebase Software (Galactic 
Industries Corp., Salem, NH, USA). Stage movement was programmed in Array Basic 
(the internal software platform of Grams). To collect Raman spectra, near infrared 
laser light (845 nm) from a Spectra Physics 3900S Titanium Sapphire laser system 
(Spectra Physics, Mountain View, CA) pumped with a Coherent Innova 300 Argon-
ion laser (Coherent, Palo Alto, CA) was used. The laser light was coupled into the 
microscope via a single mode optical fiber and a chevron type dielectric short pass 
filter set. An 80x NIR optimized objective (Olympus, Tokyo, Japan) was used to focus 
the laser light onto the tissue sample, and to collect light that was scattered by the 
sample. The chevron filter was used for optical coupling of the laser, the microscope 

Figure1: 
Schematic overview of Raman
mapping system; Ar-ION:
argon ion laser, Ti:Sapph:
titanium sapphire laser,
tunable, set at ~845 nm, M:
mirror, L : lens, OF: optical
fiber 100 µm diameter core,
SPF: short pass filter < ~700
nm, CF: Chevron filter, made
of two diëlectric short pass
filters < 850 nm, MO:
microscope objective 80x NA
0.75 NIR, MS: computer
controlled x-y-z microscope
stage, FC: detail of fiber optic
core, S: spectrometer with
back depletion CCD, PC:
computer, DC: digital video
camera. 
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and the spectrometer, and for suppression of the laser light that was scattered back by 
the tissue sample. The inelastically scattered and filtered Raman light was focused 
onto the 100 µm diameter core of an optical fiber. The optical fiber was coupled into a 
spectrometer (System 100, Renishaw, Wotton under Edge, UK), equipped with a 
thermoelectrically cooled deep-depletion CCD camera. The CCD camera was 
connected to a personal computer where data were stored. 
 
Data acquisition and analysis  
Tissue areas in the normal and damaged bladder wall sections containing sharply 
defined muscle fibers were selected and Raman maps of these areas were constructed. 
The individual grid elements spanned tissue areas of 2-3 square microns. Signal 
collection time for each grid element was 20 seconds, during which time the grid 
element was scanned through the laser focus so as to obtain an area-averaged Raman 
spectrum. We have focused this study on the bladder muscle layer.  
All data processing software was programmed in Matlab 6.1 (Mathworks, Natick, 
MA), using the PLS-toolbox (Eigenvector Research Inc., Manson, WA). Wavenumber 
calibration and correction for the wavenumber dependent signal detection efficiency 
was carried out as described earlier [11]. All measurements were carried out in the 400 
- 1800 wavenumber interval with a spectral resolution of 8 cm-1. After correction and 
interpolation, first derivatives of all spectra were calculated, using the  Savitzky-Golay 
to minimize the effect of  a slightly varying background to the spectra, probably  due 
to small contributions of tissue-auto-fluorescence. 
Raman mapping data were processed with Principal Component Analysis (PCA) for 
data reduction and orthogonalization. PCA-scores were analyzed by means of cluster 
analysis. Cluster analysis is used to find groups of spectra that have resembling 
spectral characteristics. Several sophisticated clustering methods exist. Here we 
applied a simple method called K-means clustering (KMC), which is best suited to 
handle large amounts of data. With KMC, the spectra are grouped in a predetermined 
number of clusters. In short the procedure is as follows. For each cluster a spectrum is 
randomly chosen from the spectra in the data set, to act as an initial cluster center. All 
spectra in the data set are then compared to these cluster centers and assigned to the 
center that they most resemble. After all spectra are assigned to a certain cluster, the 
new cluster centers are calculated by averaging all spectra assigned to a certain 
cluster. This procedure is repeated until a stable solution is reached. To compare the 
molecular composition of both tissues, the KMC was performed on the data sets 
obtained from the unobstructed and the obstructed bladder together. In this way, both 
differences and similarities in molecular composition and variance in the locations of 
clusters in the maps are detected. The clusters that were formed by means of KMC 
were assigned a color. Each grid element of the Raman map was then assigned the 
color of the particular cluster to which its spectrum belonged. In this way Raman 
maps of the frozen sections were obtained, in which areas with similar spectra have 
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Figure 2: 
Raman spectroscopic maps of normal (a)
and damaged (c) bladder muscle tissues.
In the normal tissue map, cluster III
represents the muscle tissue. Cluster V
represents the collagen fibers. The Raman
map clearly matches the photograph taken
from the EVG stained normal bladder
tissue section (b). Collagen stains dark
gray and muscle tissue stains light gray.
Scale bar is 100 µm. 
The collagen cluster of the normal tissue
map also appears in the damaged tissue
map (c) (cluster V). Furthermore in the
damaged tissue map, cluster IV represents
the collagen infiltration, cluster I and II both
represent muscle tissue. Due to destruction
during staining of the damaged bladder
wall slide, a photograph of an EVG stained
adjacent slide is shown (d). 

the same color. The Raman maps were then compared with images of the same tissues 
after histological staining that was performed after the Raman measurements. 
 
Histochemistry 
The elastic Von Gieson (EVG) was used to stain the measured frozen sections after the 
measurements. The frozen sections were fixed in 4% buffered formalin for 1 minute 
prior to staining. With the EVG stain, the collagen fibers are stained red, whereas the 
rest of the tissue is stained yellow. In addition, the elastin fibers are stained black/dark 
blue. Images of the Raman mapped areas were taken with a Sony DXC-950P digital 
camera (Sony Corporation, Tokyo, Japan) mounted on top of the microscope and 
interfaced with the computer (figure 1). 
 
 
Results and discussion 

Raman spectroscopic mapping 
The examples that are presented here of both normal and damaged bladder tissue are 
representative for the results in all maps. The normal bladder tissue map contained 
9720 spectra and the damaged bladder tissue map 8555 spectra. Examples of maps 
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obtained from normal and obstructed tissue, accompanied with images of the EVG 
stains, are shown figure 2. The number of clusters was determined by repeatedly 
performing the KMC, adding one extra cluster with every new clustering analysis. 
The spectral differences between clusters were clearly related to differences in Raman 
signal contributions when the number of allowed clusters was limited to 5. When 
more then 5 clusters were allowed, differences in spectral characteristics of the broad 
relatively featureless background to the Raman signal clearly contributed to the 
clustering. Therefore the number of clusters was limited to 5. The contours of the 
normal tissue map (figure 2a) perfectly match the image taken from the area of the 
tissue on which the Raman map was measured (figure 2b). For the damaged tissue 
section an adjacent tissue section had to be used for the EVG-stain, since the section 
used in the Raman experiments was lost during the staining procedure. For this 
reason the contours of the stained section and the Raman map do not perfectly match 
(figure 2d). Cluster-averaged spectra belonging to the maps of figure 2a and c are 
plotted in figure 3. 
The map of the normal bladder tissue (figure 2a) contains only two clusters; one 
mainly showing spectral characteristics of collagen and the other mainly showing 
spectral characteristics of actin and myosin [9]. The muscle and collagen clusters are 
clearly separated. There is no indication of collagen infiltration. The same collagen 
cluster also occurred in the map of damaged tissue (figure 2c) and was assigned to the 
surrounding collagen fibers. However, an additional cluster was observed in the data 
set of the damaged tissue, containing spectral characteristics of both collagen and 
muscle. It was found within and directly surrounding the muscle fibers. As 
comparison with histology revealed (figure 2d), this cluster seems to be associated 
with collagen infiltration. Thin infiltrating collagen fibers in the bladder wall tissue of 
our model have a maximum diameter of 10 µm. Since the tissue sections used for 

Figure 2 (Continued)
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Raman mapping are 20 µm in thickness, the measuring volume always contains 
muscle tissue surrounding these collagen fibers which contributes to the Raman signal 
at the location of these infiltrating collagen fibers. Therefore in each grid element that 
comprises thin collagen fibers, signal from muscle tissue is also included. The same 
happens at the edges of muscle fibers where grid elements overlap both muscle tissue 
and a surrounding collagen fiber. To determine collagen infiltration only within the 
muscle fibers, the collagen directly surrounding the muscle fibers must be excluded. 
In contrast to the collagen clusters, the muscle tissue of both maps was clustered 
separately. One cluster contained all spectra assigned to normal muscle tissue. Two 
other clusters contained spectra of muscle tissue in the damaged map. The difference 
spectrum of these two clusters (spectrum III in figure 4a) revealed an almost pure 
spectrum of glycogen. Below the difference spectrum a reference spectrum of 
glycogen (measured in-house, Sigma, Zwijndrecht, The Netherlands) is plotted, band 
position similarities are emphasized with dotted vertical lines. The muscle/glycogen 
cluster was dispersed in small units all over the damaged muscle layer, indicating 
glycogen accumulations. The origin of this is unclear and needs to be elucidated but 
the glycogen accumulations may be related to an inactive state of parts of the bladder 
muscle. To our knowledge, no other reports have appeared so far about glycogen 
accumulation in obstruction-damaged bladder muscle. 
The difference between the ‘muscle cluster’ of the normal map and the ‘muscle 
cluster’ of the map of damaged tissue without glycogen gives a protein-like spectrum 
with bands at 857 cm-1, 1005 cm-1, 1079 cm-1, 1321 cm-1, 1447 cm-1 and 1659 cm-1 (figure 
4b). It is well known that a number of proteins is up-regulated upon damage such as 
growth factors [12, 13]. Some of the spectral features may also be indicative of 
increased lactate in the damaged tissue, such as bands at 857 cm-1, 1415 cm-1 and 1455 
cm-1. A reference spectrum of lactate (measured in house, Sigma, Zwijndrecht, The 

Figure 3: 
Averaged spectra of all
clusters, divided in collagen
and muscle characteristics. I:
muscle cluster of damaged
tissue (white areas in Raman
map), II: muscle cluster of
damaged tissue (black areas in
Raman map), III: muscle
cluster of normal tissue, IV:
collagen infiltration cluster in
damaged tissue, V: collagen
fiber cluster in both normal and
damaged tissue. 
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Netherlands) is plotted below. The latter two peaks however are fairly weak 
compared to the intensity at 857 cm-1. Therefore, we assume that lactate is not the 
major contributor to the difference spectrum. Lactate indicates an anaerobic metabolic 
condition. As mentioned in the introduction, ischemia may be related to collagen 
infiltration because blood supply can be hindered. This may also explain glycogen 
accumulation, since this molecule is not used in the anaerobic metabolic pathway. 
Other changes in molecular composition in response to possible ischemia, such as the 
content of phosphocreatine [14], are also likely to be reflected in the spectra. The exact 
nature of the compounds, responsible for this difference spectrum, remains to be 
established. 
The results prove that Raman spectroscopic mapping can be successfully applied to 
determine collagen infiltration within bladder muscle fibers. Collagen infiltration has 
been described before with histochemical techniques [3, 4, 5]. An interesting question 

Figure 4: 
(a) Difference spectrum (III) of
damaged muscle tissue
spectrum of cluster II
subtracted from damaged
muscle tissue spectrum of
cluster I. IV is a reference
spectrum of glycogen. (b)
Difference spectrum (III) of
normal muscle tissue (II)
subtracted from damaged
muscle tissue spectrum of
cluster II. IV is a reference
spectrum of lactate. 
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for further Raman spectroscopic studies would be the quantification of collagen 
infiltration using Raman maps. As shown in the examples, accumulation of glycogen 
in damaged bladder muscle tissue was observed. However, differences in composition 
and structure between normal and damaged bladder wall tissue, such as glycogen 
accumulation and protein-like changes, need to be further investigated in studies on a 
larger number of bladder samples. Raman spectroscopic mapping excludes the need 
for using (immuno)-physiochemical reagents. Therefore it may reveal more markers 
related to damage than conventional methods and may even uncover unanticipated 
components. The data in this study are used as an example for the possibilities of 
Raman mapping in conjunction with investigation of bladder wall composition. 
We expect that this line of research, aimed at analyzing the changes in overall bladder 
wall biochemical composition and identifying their Raman spectral signatures, will 
enable development of an in vivo Raman spectroscopic method for determination of 
the degree of damage in the bladder wall, without the need for taking biopsies. 
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Abstract 

We have applied Raman spectroscopy to discriminate between non-tumor and tumor 
bladder tissue and to determine the biochemical differences therein. 
Tissue samples from 15 patients were collected and frozen sections were made for 
Raman spectroscopy and histology. Twenty-five pseudo-color Raman maps were 
created in which each color represents a cluster of spectra measured on tissue areas of 
similar biochemical composition. For each cluster the cluster-averaged spectrum 
(CAS) was calculated and classified as tumor and non-tumor in accordance to patho-
histology. Unguided hierarchical clustering was applied to display heterogeneity 
between and within groups of non-tumor and tumor CAS. A linear discriminant 
analysis model was developed to discriminate between CAS from tumor and non-
tumor. The model was tested by a leave-one-patient-out validation, 84 of the 90 CAS 
(93%) were correctly classified with 94% sensitivity and 92% specificity. Biochemical 
differences between tumor and non-tumor CAS areas were analyzed by fitting spectra 
of pure compounds to the CAS. Non-tumor CAS showed higher collagen content 
while tumor CAS were characterized by higher lipid, nucleic acid, protein and 
glycogen content. 
Raman spectroscopy enabled effective discrimination between tumor and non-tumor 
bladder tissue based on characterized biochemical differences, despite heterogeneity 
expressed in both tumor and non-tumor CAS. 



Discrimination between nontumor bladder tissue and tumor by Raman spectroscopy 

 127 

Introduction 

In the urinary tract, urothelial cell carcinoma of the urinary bladder is the most 
common malignancy. In 2005, over 63,000 new cases of bladder cancer are expected in 
the US [1]. In Western Europe over 66,000 new cases were diagnosed in 1990. [2].  
Much research is aimed at developing and optimizing techniques for diagnosing 
bladder cancer. Fluorescent cystoscopy [3, 4, 5], electrical impedance spectroscopy [6] 
and virtual cystoscopy with CT and MRI [7] improve the real time localization of 
tumor sites. Urine analysis using protein and DNA markers [8, 9, 10] are of help in 
detecting tumor presence and support the analysis of changes in tissue morphology 
and composition. However, none of these techniques can both localize suspect areas 
and characterize the morphological and compositional changes in a single 
measurement without the use of contrast agents. 
Raman spectroscopy will provide detailed information about the biochemical 
composition of tissue. This allows identification of the tissue, including tumors and 
other abnormalities, and also gives insight into biochemical alterations in the tissue 
that may throw light on pathogenesis. Raman spectroscopy can be applied in vivo 
using fiber optic probes [11, 12, 13, 14]. Raman spectroscopy inside the bladder would 
allow for nondestructive detection and characterization of diseased tissue areas 
during cystoscopy. The only limit on the number of suspect sites that is investigated 
will be the time allowed during cystoscopy although a single spectrum can be 
obtained in a matter of seconds. This is all the more important because the initial 
phase of bladder cancer, carcinoma in situ (CIS), is difficult to recognize with 
cystoscopy. Non-destructive screening around suspect and clear tumor sites may 
increase the chance of CIS detection. 
In order to develop in vivo Raman spectroscopic applications to classify tissues as 
being healthy or not, Raman spectral databases have to be created that reflect the 
detailed biochemical changes. It is needed to identify these biochemical changes 
within the Raman spectra and to understand the influence of heterogeneity in 
between as well as within healthy and diseased tissues on Raman spectral models. 
Raman spectroscopic maps, made up of grid-wise measured spectra on untreated 
frozen tissue sections, allow for both spectral characterization for specific tissue areas 
and insight in heterogeneity in tissues. 
Here we present a study in which Raman spectroscopic maps are made on bladder 
tissues containing non-tumor and tumor areas of different stages and grades. 
Histology was applied to classify spectra measured on these specific areas within each 
map as non-tumor or tumor. Unguided hierachical cluster analysis is used to identify 
heterogeneity between spectra measured on non-tumor and tumor bladder tissue but 
also the spectral heterogeneity within non-tumor and tumor bladder tissue. LDA was 
used to produce a model that differentiated classified spectra into a non-tumor and a 
tumor group. Validation of this model was done by leaving out all spectra measured 
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on tissues of one patient, and predict these as non-tumor and tumor in comparison to 
the original classification. In addition we determined which biochemical differences 
underlie the spectral differences between non-tumor and tumor tissues and the 
heterogeneity within both groups by comparing tissue spectra to spectra measured on 
pure compounds. 
 
 
Experimental section 

Tissues 
Fifteen snap-frozen and liquid nitrogen stored bladder specimens were obtained from 
the tissue bank of the Department of Pathology, Erasmus MC, Rotterdam. They 
included non-tumor bladder tissue, tissues with carcinoma in situ (CIS), Ta, T2 and T3 
tumor tissue, staged according to WHO/ISUP guidelines [15]. From each specimen 
thin sections were cut of alternately 20 µm and 10 �m thickness. The 20 �m tissue 
sections were mounted on a calcium fluoride window and dried in ambient air for 
Raman spectroscopic mapping. The adjacent 10 µm tissue sections were stained with 
hematoxylin eosin (HE) and evaluated by a pathologist.  
 
Raman spectroscopy 
Tissue Raman spectra data were acquired using a Raman-microspectrometer that has 
been built in-house, and which has been described in detail previously [16]. In short, 
air-dried tissue sections, mounted on calcium-fluoride windows, were placed on a 
computer controlled motorized sample stage of a microscope (DM-RXE, Leica, 
Cambridge, UK). Near infrared laser light (845 nm, ~100 mW) from a titanium-
sapphire laser (Spectra Physics 3900S, Mountain View, CA) pumped by an argon ion 
laser (Coherent Innova 300, Palo Alto, CA) was coupled into the microscope. An 80x 
NIR optimized objective (Olympus MIR plan 80x/0.75, Tokyo, Japan) with a working 
distance of approximately 1,6 mm was used to focus the laser light on the tissue 
sample, and to collect Raman scattered light from the sample. After passing through a 
chevron type laser suppression filter the Raman signal was measured by means of a 
multichannel Raman spectrometer (a modified System 100 spectrometer, Renishaw, 
Wotton under Edge, UK). Data acquisition from the spectrometer was controlled by 
Grams/32 Spectral Notebase Software (Galactic Industries Corp., Salem, NH), into 
which control software for the microscope sample stage (Leica DM STC, Cambridge, 
UK) has been integrated to enable automated mapping of the sample. 
Raman mapping experiments were carried out to determine the heterogeneity in 
molecular composition especially in and around tumor tissue. Areas containing tumor 
tissue were selected for mapping based on evaluation of the adjacent section that had 
been HE-stained. Each selected area was divided in small squares, hereafter referred 
to as grid elements. In each grid element one Raman spectrum was taken. The laser 
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light was focused 2 µm beneath the tissue surface with a spot size of less than 1 µm2. 
To obtain a Raman spectrum representative for the whole grid element the sample 
stage was moved randomly within the grid element boundaries during the 20 seconds 
of signal collection time. In the Raman mapping experiments carried out for this study 
the size of the grid elements within each map was homogeneous but varied between 
maps from 16 µm2 to 100 µm2. For each map the grid element size was chosen, taking 
the total map area and measurement time into account. 
 
Data pre-processing 
All spectral data processing software was programmed in Matlab 6.5 (Mathworks, 
Natick, MA), using the PLS-toolbox 2.0 (Eigenvector Research Inc., Manson, WA). 
Instrument calibration was performed as described previously [12, 16]. Briefly, the 
wavenumber-axis (400 – 1800 cm-1) was calibrated using the known wavelengths of 
the emission lines of a neon-argon calibration lamp, and the relative peak positions of 
cyclohexane. Background signal, originating from the calcium-fluoride window and 
optical instrument components was subtracted from the tissue spectra. Spectra were 
corrected for the wavelength dependent signal detection efficiency of the setup, using 
a tungsten light source with a known emission spectrum [17]. 
 
Raman spectroscopic maps 
Further analysis was carried out on the first derivatives of the pre-processed spectra 
after smoothing with an 11-point Savitsky-Golay filter. A Principal component 
analysis (PCA) was applied to the spectral dataset of the Raman map [12, 18]. The 
principal components (PC’s) that accounted for 99% of the variance served as input 
for a hierarchical cluster analysis (HCA), using Ward’s clustering algorithm and the 
Euclidean distance measure [19]. The dissimilarity level, below which spectra where 
grouped in one cluster, was chosen such that the cluster-averaged spectra displayed 
spectral differences above the noise level and that clusters could be related to the 
histologically distinct areas that were visible after HE-staining of the tissue section. In 
this way the variation in spatial resolution does not affect clustering results. 
The clusters were assigned a color, and each grid element of the Raman map was then 
given the color of the cluster to which its spectrum belonged. The resulting pseudo-
color-map, in which tissue areas with similar spectra, and therefore similar molecular 
composition, have the same color, was compared to histology. Each tissue section was 
HE-stained after the Raman mapping experiments and bright-field images were taken. 
A pathologist analyzed the stained tissue sections, and classified each tissue area, 
corresponding to a Raman cluster, as tumor or non-tumor. In the non-tumor group, 
normal and inflamed areas were distinguished. This procedure was performed for all 
25 Raman maps. 
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Linear discriminant Discriminant Analysis, LDA 
An unsupervised cluster analysis as described above serves to analyze the spectral 
variance in a dataset. Such spectral variance is present in datasets obtained of non-
tumor tissue, in datasets of tumor tissue and in datasets containing both spectra of 
tumor and non-tumor tissue. The aim is to find within all this spectral variance the 
spectral features that can be used to discriminate between non-tumor and tumor 
tissue. The algorithm underlying a Linear Discriminant Analysis is taught to pick out 
these spectral features, which are then used to discriminate between normal tissue 
and tumor. It is therefore a supervised method in which examples of spectra of 
normal tissue and of tumor tissue are given in the form of their PC-scores. 
It finds the combination of variables that give the best discrimination between the 
non-tumor and tumor spectra [20]. The maximum number of PCs in this LDA was 
kept at least two times smaller than the number of spectra in the smallest group, to 
prevent overfitting of the dataset. The second restriction was that from the total list of 
PC’s only those PCs were selected that significantly contribute to the discrimination 
between tumor and non-tumor tissues. 
To test how well the LDA model predicts the type of tissue of an unknown sample we 
applied a “leave-one-patient-out” cross-validation. In this procedure an LDA model is 
built from the spectra of all but one patient and then used to predict the tissue class of 
the tissue samples of the patient that was left out. This procedure was repeated for all 
15 patients, leading to independent predictions per patient. For each predicted 
spectrum a so-called probability of prediction is calculated. This probability is 
determined by the Euclidean distances to the class means in the model (i.e. tumor and 
non-tumor). Each distance was then normalized by dividing by the sum of all 
distances, resulting in a summed probability of 1. Hereafter, these values are 
converted to percentages (multiplying by 100). 
 
Diagnostic accuracy, ROC curves 
The diagnostic accuracy of the predictions was quantified by constructing a receiver 
operating characteristic (ROC) curve. This represents the relationship between 
sensitivity and specificity at different cut-off values of the probability [21]. When the 
features of a single spectrum completely fit the characteristics of a tumor spectrum as 
described by the LDA model and are in complete disagreement with the 
characteristics of non-tumor, the spectrum is classified as tumor with a 100% 
probability. This probability of the classification decreases as the fit to the tumor 
characteristics decreases and that to the non-tumor characteristics increases. At 50% 
probability the spectra can be termed tumor and non-tumor with equal probability. 
Below 50% the spectra will be classified as non-tumor.  
In the calculations a probability above 50% was used as cut-off between tumor and 
non-tumor. For the ROC curve this cut-off value is varied from 0% probability, where 
every spectrum is predicted as tumor (no false negative results), to 100% probability, 
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where every spectrum is predicted as non-tumor (no false positive results). The area 
under the curve is a measure for the diagnostic accuracy. 
 
Data analysis: Spectral characterisation 
All non-tumor cluster-averaged spectra and all tumor cluster-averaged spectra were 
combined into two groups. From both groups the overall averages were calculated 
yielding an overall non-tumor and an overall tumor spectrum. 
Each non-tumor cluster-averaged spectrum was then fitted with the overall tumor 
spectrum plus a dataset of reference spectra and a first order polynomial, using a least 
squares fit procedure. Similarly, each tumor cluster-averaged spectrum was fitted 
with the overall non-tumor spectrum plus the database of reference spectra and a first 
order polynomial. In this way, the molecular differences between tumor and non-
tumor tissue were analyzed. The reference dataset contained the spectra of the 
following pure compounds: collagen-I and -III, actin, albumin, DNA, RNA, 
cholesterol, β-carotene, gangliosides, glycogen, phosphatidylcholine, 
phosphatidylethanolamine, arachidonic acid, palmitic acid, palmitoleic acid, stearic 
acid, (all from Sigma-Aldrich, Zwijndrecht, The Netherlands), oleic acid methyl-ester 
and linoleic acid, (ICN, Bryan, Ohio, US), all measured with the instrument described 
above. The pure compounds were chosen to represent the main molecular species in 
tissue, nucleic acids, proteins, lipids and sugars. β-Carotene was added, because of its 
very distinctive spectral features, which were observed in a number of tissue samples.  
 
 
Results and discussion 

During cystoscopy visual analysis can be insufficient to diagnose the nature of a 
specific tissue site. More detailed information may then be obtained by histologic 
analysis of the tissue. At present this requires a biopsy, which does not provide instant 
feedback and may be subjected to a bias of the person(s) performing the histological 
observation. Often these drawbacks provide enough reason to choose the option of 
watchful waiting, where cystoscopy is repeated after some time to monitor changes. 
In this approach a tumor recurrence may occur during the waiting period, pointing to 
possibly missed tumor sites. Though this may be an acceptable low percentage in 
current clinical practice, further reduction of the number of recurrences by early 
detection will be valuable to the individual patient. 
Raman spectroscopy is evolving as a method that enables in vitro and in vivo tissue 
analysis. It is non-destructive, and signal collection can be in the order of seconds, [22, 
23, 24]. To get to the state of in vivo application several criteria must be met. First, a 
database of spectra must be established that is representative of normal and diseased 
tissue that may be encountered in practice. Second, a classification model must be 
developed, based on this spectral database and histological analysis of the tissue of 
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which spectra were obtained.  Third, the accuracy of this model must be tested and 
the biochemical basis for the classification model should be investigated. The 
classification model should preferably not only discriminate between non-tumor or 
tumor but also specify on what grounds something is called “tumor” and which 
compositional changes have occurred.  
In this study we set out to address these points. Therefore we have created a database 
of Raman spectra of bladder tumors and normal bladders. Twenty-five Raman maps 
were measured from 15 bladder tissue sections from 15 individual patients. Nine of 
the tissue samples contained sites of tumors; eight were invasive tumors, and one was 
a carcinoma in situ. Four samples contained large sites of inflammation, one of which 
also showed invasive tumor sites. In two tissue samples no abnormalities were 
present. 

In figure 1 an example of a single Raman spectrum taken from a random map from a 
random grid element is plotted without calibration and still includes all background 
signal. The average signal-to-noise ratio per grid element spectrum was approx. 10. 
This was calculated by dividing the baseline corrected height of the CH2-band by the 
width of the feature-free region between 1750-1800 cm-1. 
Figure 2 serves as an example of Raman spectroscopic map analysis. It shows the 
bright field microscopic image of an unstained bladder tissue section (A), the 
corresponding Raman spectroscopic map (B), an image of the same tissue section after 
HE-staining (C) and the cluster-averaged Raman spectra (D). In this example 5 
clusters described the main histological structures of this small section, which 
contained both tumor and non-tumor tissue. Three clusters could directly be related to 
the HE stained tissue. The purple cluster represents tumor tissue, which is 
histologically characterized by large and abundant cell nuclei and the presence of 
glycogen granules, which stain dark red. For clarity this tumor area is demarcated in 

Figure 1 
Raman spectrum from a 
single grid element without 
background corrections and 
calibration. 
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figure 2C. The red cluster represents muscle tissue, as can be concluded from the HE 
stained tissue section of figure 2C, and shows the presence of muscle cells with the 
typical stretched nuclei in this area. The green cluster represents collagen rich areas, in 
the HE stained tissue section visible as light red bands and areas with few cell nuclei. 
The yellow and blue clusters are not recognizable as specific tissue structures in the 
HE stained section. In the Raman map they are found at boundaries between two 
tissue areas containing different types of cells. This occurs in many Raman maps and 
is related to the fact that at these boundaries the grid elements of the Raman map 
represent volumes of tissue that contain both tissue types. This was verified by fitting 
the blue and yellow cluster-averaged spectra with the cluster-averaged spectra of the 
adjacent tissue types, which resulted in near-perfect fits (not shown), therefore spectra 
from these clusters were not further analyzed. 
Analysis of the Raman maps yielded 3 to 7 spectral clusters per map. Based on patho-
histological evaluation of the tissue sections after HE-staining, each cluster was 
classified either as non-tumor or as tumor tissue. For each cluster, a cluster-averaged 
spectrum (CAS) was calculated (as in figure 2D) and these were combined in one 

Figure 2 
A: Unstained section of bladder tissue containing both non-tumor and tumor areas, 20 µm in 
thickness. Scalebar = 100 µm. B: Raman spectroscopic map, each grid element is 6,5 µm by 6,5 
µm. Purple area is representative for tumor, red area for muscle tissue, green area for collagen 
fibers and blue and yellow are areas of transition between two types of tissue. C: Same section
as A but HE stained after the measurements. Tissue areas are outlined. D: Averaged spectra of
the clusters in B with matching colors, a.u.: arbitrary units. Color image: see appendix. 
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dataset. Only those cluster averages of which the pathology by histological evaluation 
was unambiguous were included. This resulted in 90 CAS with histology based 
classification of the tissue, 29 CAS were left out because no accurate histological 
classification could be obtained. These CAS were mostly derived from small clusters 
in between larger clusters as described for the blue and yellow clusters in figure 2. The 
non-tumor tissue group comprised 37 CAS, representing sites of extra cellular matrix 
(collagen), muscle fibers and non-tumor tissue areas containing inflammation. The 
tumor group comprised 53 CAS measured on carcinoma in situ (CIS), Ta, T2 and T3 
tumor tissue. 

The 90 CAS were subjected to an unsupervised Ward’s HCA with euclidean distances. 
The results were plotted in a dendrogram (figure 3) in which two main clusters were 
formed. One cluster contained exclusively non-tumor CAS, the other contained all 53 
tumor CAS plus 13 non-tumor CAS. The non-tumor CAS that clustered with the 
tumor CAS in the HCA were obtained from muscle and from inflammation sites. All 
CAS in the non-tumor cluster contained a considerable contribution of collagen 
whereas the non-tumor CAS, that clustered with tumor, did not. To discriminate 
between non-tumor and tumor bladder tissue by Raman spectroscopy effectively, a 

Figure 3 
Dendrogram of unguided classification of 90 averaged cluster spectra from all maps combined.  
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supervised model based on pathological classification is needed, due to the large 
heterogeneity in the dataset. 
The large heterogeneity in the non-tumor CAS, could be expected since these spectra 
were derived from tissue areas of connective tissues, muscle tissues and inflammation 
sites. Within the tumor cluster, separated sub-clusters of tumor CAS were formed. 
This means that there is also heterogeneity in the tumor CAS. This can be attributed to 
the fact that the tumor CAS were derived from tumor areas with different grades and 
stage, leading to molecular differences. 
The dataset of 90 CAS was used to train a LDA model for the discrimination between 
non-tumor and tumor tissue. Despite this heterogeneity shown in the dendrogram the 
most consistent LDA model contained 5 variables (PCs) and discriminated between 
non-tumor and tumor CAS with a 97.8% (88/90) accuracy, compared to histology as 
classification standard. Tumor sites were detected to 100% sensitivity and 95% 
specificity. The two non-tumor CAS that were classified by LDA as tumor, originated 
from clusters of a highly inflamed tissue area. Inflammation areas are recognizable in 
histology due to the presence of large numbers of leucocytes and lymphocytes 
(showing dense nuclei). In Raman spectroscopic maps increased levels of DNA and 
RNA are clearly visible for these inflammation areas (data not shown). Tumor tissue 
also contains increased levels of DNA and RNA as is shown by the fit results in figure 
5b and confirmed in literature [18]. This is most likely the reason that it was not 
possible in all cases to discriminate between CAS of inflammation areas and CAS 
from tumor areas. It will be necessary to enlarge the database with more inflammation 
specific Raman spectra to enable extraction of more subtle inflammation specific 
spectral features by means of LDA. 
Our ultimate objective is in vivo characterization of an unknown bladder tissue as 
tumor or non-tumor by its Raman spectrum. When dividing the data in a training-set 
and a test-set, only a part of the heterogeneity (shown in figure 5b) would then be 
included in the training-set and is therefore not a representative validation. 
Expanding the dataset by measurements on new patient biopsy material and 
randomly selecting an independent validation set is the aim for further research. 
Instead the validation was performed on our present dataset by a leave-one-patient-
out cross validation, using LDA models with 5 variables. In table 1 an example of the 

Table 1: Example of a leave-one-patient-out cross validation for 2 maps from one patient 
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cross validation of two maps from one patient with probability of predictions and 
prediction outcomes is shown. For the whole dataset 93% was predicted in accordance 
with the histological classification with a sensitivity of 94% and a specificity of 92%. 
Three tumor spectra were classified as non-tumor with a poor probability of 
prediction. The probability for two of these predictions were close to the cut-off value 
‘non-tumor – tumor’ and therefore the prediction quality was poor. The third 
misclassified tumor spectrum had a higher probability for being non-tumor. The 
reason for these misclassifications was unclear. Three non-tumor spectra, all from 
inflammation sites, were misclassified as tumor and had a relative high probability of 
prediction for tumor. 
The data in this work compare well to those recently reported by Crow et al. [25]. In 
their study Raman measurements were performed on 75 biopsy samples from 72 
patients, including all types of bladder cancer gradations. From their LDA they 
obtained an encouraging distinction between normal bladder, inflammation and 
different tumor grades and even stages. Instead of applying Raman maps they opted 
for measuring multiple spectra on larger tissue areas resulting in an overall dataset of 
1525 Raman spectra. We have chosen to measure on tissue sections with detailed 
Raman spectroscopic maps in order to understand the role of heterogeneity in tissue 
and the effect on modeling. Tumors and their surrounding tissues can be very 
heterogeneous as shown by Raman mapping studies e.g. on glioblastoma tissue and 
basal cell carcinoma [22, 23].   
The diagnostic accuracy of Raman spectroscopic discrimination with LDA prediction 
was quantified by plotting a receiver operating characteristic (ROC) curve (figure 4). 

Figure 4 
ROC curve representing the
accuracy of Raman
spectroscopic discrimination with
LDA. The area under the curve
is 0.99. 
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Figure 5 
A: Upper plot: example of cluster averaged non-tumor spectrum in black with fit result in grey, 
residues plotted beneath. Lower plot: example of cluster averaged tumor spectrum in black 
with fit result in grey, residues plotted beneath. B: Averaged fit coefficients for each reference
compound: light gray diamonds account for non-tumor and dark gray diamonds account for 
tumor. Both plotted wit 1SD, p-values are given for significant differences. 

The plot of sensitivity against (1 – specificity) produced a curve with an area under the 
curve (AUC) of 0.99. Considering that an area of 1 represents a perfect test and an area 
of 0.5 represents a useless test, this means that the accuracy is excellent. The ROC 
curve also shows that it is possible to choose a desired sensitivity or specificity of 
detecting tumor sites by changing the cut-off probability value (determines if a 
spectrum is non-tumor or tumor). This is an important issue in diagnostic applications 
in which the balance between false negative and false positive results plays a role. We 
aim to increase both sensitivity and specificity by expanding the spectral database.  

A 

B 
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To evaluate the main molecular differences between non-tumor and tumor tissue, we 
applied a fit-procedure to all CAS. This fit-procedure is performed by subjecting each 
of the CAS to a database of 18 reference spectra (see Materials and Methods), which 
 were chosen to represent the main molecular species in tissue. Along with the 
reference compounds the averaged spectrum of all tumor CAS, hereafter referred to as 
the overall tumor spectrum, was included in the fit-procedure of each non-tumor CAS 
to enhance specific tumor – non-tumor difference features in the spectrum. In the 
same way the averaged spectrum of all non-tumor CAS, hereafter referred to as the 
overall non-tumor spectrum, was included in the fit-procedure of each tumor CAS 
along with the spectra of all reference compounds. In figure 5a, examples of a tumor 
CAS and a non-tumor CAS fit result are plotted. The black spectra are the original 
CAS, gray spectra are the fit results and the residues are plotted underneath. 
With each fit-procedure the fit coefficients for all reference compounds, the overall 
tumor and non-tumor spectra are obtained, which can be positive or negative. In 
figure 5b, the averaged fit coefficient for each of the reference compounds in both non-
tumor CAS (light gray) and tumor CAS (dark gray) are plotted along with the 
standard deviation of the coefficient distribution obtained. Furthermore, the overall 
tumor spectrum fit coefficient in all non-tumor CAS in light gray and the overall non-
tumor spectrum fit coefficient in all tumor CAS in dark gray are plotted. A student T 
test was used to determine if the tumor CAS fit coefficient of each reference 
compound was significantly different (p>0.05) from the non-tumor CAS fit coefficient.  
The compounds are grouped along the x-axis in the following order: proteins, nucleic 
acids, glycogen, β-carotene and lipids. As is clear, collagen I and III and some lipids 
are more expressed in non-tumor CAS whereas the rest is more expressed in tumor 
CAS. Only β-carotene was not fitted significantly differently in tumor and non-tumor 
CAS.  
The fit results indicate that bladder tumor tissue contains a higher amount of lipids 
than non-tumor tissue. This is in agreement with findings published by Omberg et al. 
[26], who compared Raman spectral differences in tumor and non-tumor cell cultures. 
However, our results show that this does not hold true for all lipids. Oleic acid 
(methyl ester), arachidonic acid, palmitic acid and stearic acid were present in higher 
concentrations in non-tumor tissue than in tumor tissue. Higher amounts of 
arachidonic acid and stearic acid in non-tumor tissues are in agreement with findings 
published by Fermor et al. [27]. All lipids included in the fit procedures were chosen 
based on the knowledge that these lipids are located in the inner and outer 
membranes and cytoplasma of urothelium and carcinomas [27, 28, 29]. In one sample 
of tumor tissue a clear Raman signal of β-carotene was found. Carotene has been 
suggested to be useful in prevention of bladder cancer [30]. It was unknown whether 
this patient was treated with a carotene supplement. But this example suggests that 
there may be a role for Raman spectroscopy as a tool in follow-up studies to 
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determine if compounds used for treatment of various diseases are absorbed in the 
appropriate locations. 
The ratio of total collagen content, resembled by collagen types I and III, to non-
collagen content, resembled by actin and albumin, was higher in non-tumor tissue, 
again in agreement with Omberg et al. [26].  
The overall RNA and DNA contents were higher in tumor tissue compared to non-
tumor tissue. This suggests that spectral features of nucleic acids may be a sensitive 
marker for discrimination between tumor and non-tumor. But as mentioned earlier, 
inflammation areas that are classified by histology as non-tumor tissue also express 
abundant levels of RNA and DNA contents. Because of this, inflamed tissues could be 
false positively classified as tumor tissue. Therefore, further characterization of 
spectral differences between larger sets of spectra measured on inflamed tissues and 
spectra measured on tumor tissues are needed. 
This work on detailed Raman maps may provide insight in different contributions of 
biochemical changes upon development of bladder tumor and to understand the 
effects of these contributions in spectral discrimination between non-tumor and 
tumor. The spatial and biochemical information obtained from Raman maps can be 
used to optimize in vivo detection methods using Raman spectroscopy via fiber optic 
probes. 
 
 
Conclusion 

In conclusion, detailed Raman spectroscopic mapping can be used as a tool for 
obtaining more information from tissue sections than present day histological 
techniques. We have shown heterogeneity in the spectra between non-tumor and 
tumor tissue but also within non-tumor and tumor spectral groups separately. Despite 
this heterogeneity we were able to create a Raman spectral model that discriminated 
between non-tumor and tumor areas in bladder tissue with high accuracy using LDA. 
Fit procedures on the tissue spectra with pure compounds known to be found in non-
tumor and / or tumor bladder tissue revealed which tissue components contributed in 
the spectral discrimination. Spectra from non-tumor tissue showed higher collagen 
content while spectra from tumor tissue were characterized by higher lipid, nucleic 
acid and protein content and glycogen expression. We see this work as a fundamental 
step in developing Raman spectroscopy towards a diagnostic tool for in vitro and in 
vivo pathology. 
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Normal bladder: Human and guinea pig model 

A normal human bladder consists of 3 main layers: the urothelium, which is an 
epithelium of about 7 cell layers thick and impermeable to urine, a lamina propria that 
mainly consists of collagen fibers and accommodates the main blood vessels, and a 
detrusor layer, consisting of multiple sub layers of smooth muscle. The architecture of 
these layers enables the bladder to expand very easily, which allows filling at a low 
pressure, and to fully contract during voiding, which allows complete emptying. The 
overall structure of the guinea pig bladder is quite similar to that in humans [1]. 
Therefore the guinea pig is one of the most ideal animal models to use in research for 
dysfunctional voiding syndromes. However, some mayor differences between 
bladders of upright walking humans and animals that move on four legs such as the 
guinea pig are the size and overall thickness of the bladder wall and anatomical issues 
such as environment, the shape of the bladder between neck and dome and length of 
the urethra. 
In our laboratory, the guinea pig was previously used to develop a model that 
simulates the effects of urethral valves in patients. This model allowed for repeat and 
longitudinal urodynamic measurements to follow the development of bladder 
dysfunction [2,3]. In this thesis, bladder tissue obtained from this model was used for 
structural analysis, both histochemically and by Raman spectroscopy. 
To obtain proof of principle, it was first tested in this thesis if Raman spectroscopic 
analysis can identify the three main layers of the bladder wall. Raman spectra 
obtained from several hundred different locations in normal bladder tissue from the 
guinea pig were input into an unguided map-clustering algorithm. The outlines of the 
clusters that were obtained from a Raman map were compared to an image of the 
tissue that was histochemically stained after the map measurement. In addition the 
average cluster spectra were compared with reference spectra of pure components 
known to be present in the bladder wall. This revealed that the three main clusters of 
spectra in the Raman map closely correlated with the known bladder wall layers and 
that the spectral differences between the clusters are linked to clear biochemical and 
structural differences between the tissues they represent. 
 
 
Bladder obstruction: guinea pig model 

The guinea pig model for partial outlet obstruction of the bladder has been described 
in the introduction. In this model the partial outlet obstruction was created by placing 
a silver jeweler’s ring around the urethra. The ring caused fibrosis on the outer side of 
the urethra. This fibrosis, together with the ring, restricted the normal expansion of 
the urethra as urine is pushed through by bladder contraction, hence causing a partial 
obstruction. An important difference between the model and the patients it mimics, 
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besides the type of organism, is that the obstruction in the model is installed 
postnatally while patients with inborn disease may already develop bladder wall 
damage prenatally. Only in large animals it is possible to perform pre-natal surgery 
for placement of an obstruction [4] but such a model is very impractical for a 
longitudinal follow-up of bladder function. Post-natal installation was done in 
immature guinea pigs to approach the clinical situation as closely as possible. 
As mentioned previously the guinea pig model allowed for the longitudinal 
monitoring of bladder function with urodynamic measurements both before and after 
the installation of an obstruction. This individual longitudinal follow-up clearly 
revealed the individual variations in the rate of changes in function. These variations 
are obscured when working with single time point data and groups of animals. 
Moreover, individual variations in the bladder structure that was analyzed at the time 
of sacrifice could not only be related to the function at that time point, as in other 
studies, but also to historical functional data obtained during the process of 
development of bladder wall damage. The advantage of this is apparent in chapter 3. 
The data presented there show that structural changes measured at the end point, 
especially the ischemic damage related appearance of glycogen deposits, provide an 
insight into the severity of bladder function loss that occurred previously. In the clinic 
such insight is lacking when the obstructive damage has developed prenatally. 
To understand what happens when urethral valves are removed in a patient, we also 
studied the regeneration of the bladder as described in chapter 4. The silver ring was 
surgically removed, monitoring of function continued and after different time-spans 
of de-obstruction structural bladder tissue analysis was done. In all animals a 
significantly lower bladder pressure and a reduced number of unstable contractions 
were observed and in animals with an obstruction for a short time interval also an 
increased compliance. In animals with an obstruction for a long time this increase in 
compliance was less prominent or even absent, whereas bladder pressure still 
decreased. This proved the efficacy of removal of obstruction and showed that the 
level of functional changes severely affects the chances for regeneration of function. 
Correlation of structural analysis, again in particular the scoring of glycogen deposits, 
and functional analysis revealed that even after removal of obstruction, up to eleven 
weeks, the bladder glycogen content still reflects the level of functional changes 
during obstruction. The clinical value of this would be that the outcomes of a glycogen 
analysis performed even some time after (surgical) removal of obstruction, could still 
be used for a prognosis of regeneration of function for each patient. This is 
particularly relevant in newborns with urethral valves where the first urodynamic 
evaluation is often performed after the valves have been removed. 
Medical intervention has been successful in managing bladder overactivity. 
Oxybutynin and Tolterodine are two well-known examples of clinically applied 
antimuscarinic drugs that suppress detrusor overactivity and abnormally increased 
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bladder pressure during voiding. In our model this overactivity is characterized by 
unstable contractions. 
In chapters 5 and 6 we have studied the possibilities of using medical intervention for 
maintaining good bladder function during partial outlet obstruction. The hypothesis 
was that keeping the pressure within the normal range would prevent structural 
damage. The animal model was well suited for applying medical intervention. The 
intervention was started when the obstructive damage was still developing. In 
contrast the intervention in patients is applied when bladder functional and structural 
changes have already occurred. However, the model does mimic the loss of bladder 
function that continues after birth in children with neurogenic bladder obstruction 
and enabled a realistic test of the prevention of further bladder deterioration in 
patients most effectively. 
Chapter 5 describes the findings of intervention with oxybutynin. Oxybutynin syrup 
(Dridase) was given orally to obstructed animals in the same dosage as applied in the 
clinic. From the clinic it is known that under oxybutynin treatment the duration of 
voiding is extended whilst bladder pressure remains in the normal range and detrusor 
overactivity is limited. These events were also found in the data from our model. 
Bladder pressure and detrusor overactivity indeed were limited and compliance was 
preserved in the over-all group. However, an increase in flow rate instead of a longer 
duration of voiding was seen and bladder contractility was increased. In two animals 
the effectiveness of treatment with oxybutynin temporarily failed for unknown 
reasons. In these animals the bladder pressure was abnormally high and contractility 
was increased. After bladder structural analysis also an increase of glycogen storage, a 
marker for ischemic conditions (explained later on), was witnessed. We concluded 
that intervention with oxybutynin may have a protective effect on bladder function. 
However, beneath a normal appearance of function a highly contractile bladder may 
be developing when for some reason the effectiveness of Oxybutynin is temporarily 
lost. Caution must be taken during treatment as a high contractile bladder may 
develop irreversible damage very fast. 
The results found in chapters 3 and 4 led to the decision of studying the effects of a 
medical intervention that aims at maintaining a good blood flow and at reducing the 
effects of ischemic damage. Therefore we studied the effect of treatment of obstructed 
animals with acetyl salicylic acid (aspirin). This substance has been well described to 
maintain blood flow and prevent ischemic damage by reducing the build-up of 
products from anaerobic metabolism such as prostanoids [5,6]. The findings described 
in chapter 6 reveal a surprising combination of a bladder pressure during voiding and 
contractility that were even higher than with obstruction alone, detrusor overactivity 
but a normal compliance. Most interesting was that this was not accompanied by a 
significant build-up in glycogen storage. The fact that the contractility was higher than 
with obstruction alone while the muscle mass was not increased, indicates that the 
bladder muscle worked more efficiently. Detrusor overactivity still occurred, which 
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indicates that there are still changes in blood flow causing acute reactions from the 
bladder nerves. The lack of glycogen build-up indicates that the intervention affects 
the ischemic cascade that takes place after a period of ischemia. Thus, the bladder 
could cope with obstruction while maintaining an intact structure. Aspirin seems to 
protect the bladder from high pressure induced ischemic damage. But as with 
treatment with Oxybutynin an overall protection of the bladder is not assured. 
 
 
Structural and molecular changes 

It is widely believed that overstretching of the bladder wall triggers the onset of a 
whole cascade of molecular changes [7]. The reasoning behind this is that the bladder 
wall is stretched more as pressure increases abnormally due to outlet obstruction. 
Various authors have used a tissue model, either muscle strips isolated from whole 
bladder or cell cultures on stretchable carriers, and found a whole range of molecular 
changes upon stretching [8,9]. A problem with these methods is that they cannot 
explain how the detrusor layer can produce the extra force that is needed to overcome 
the resistance. Muscles work less efficient when overstretched. In chapter 7 we 
therefore postulated that the onset of molecular changes is not necessarily triggered 
by stretching but by compression of the tissue due to high pressure, in particular the 
urothelium. This issue is outside the scope of this thesis but would be an interesting 
area for further research. Either way, an already accepted view is that as a result of 
this cascade of molecular changes collagen infiltration within muscle fibers occurs. We 
followed this process during obstruction with Raman spectroscopic mapping analysis 
of bladder wall tissue (chapter 9). We observed that collagen infiltration was found 
within muscle fibers. This was shown both by the Raman maps and by elastic Von 
Gieson staining that was performed on the measured tissues to provide an 
independent second measure. The added value of the Raman mapping was clear from 
the discovery of clusters that contained a high number of glycogen deposits. This 
finding prompted us to further investigate the occurrence of glycogen deposits and of 
the ischemia that is thought to cause this deposition in the literature. Chapters 3 to 7 
all show the direct correlation between glycogen deposition and the degree of 
functional changes.  
Raman maps to study the molecular content of bladder tissue in detail were also 
applied in another field of urological pathology: bladder cancer. In chapter 10 results 
of analysis of non-tumor and tumor bladder tissues are presented. Clusters of spectra 
of non-tumor and tumor classified tissue areas were subjected to molecular analysis 
using fit procedures with reference spectra of compounds that were either related to 
tumor bladder tissues, such as various fatty acids, or non-tumor bladder tissues such 
as collagen. Also a prediction model algorithm was successfully developed. This 
revealed that spectra from non-tumor tissue contained more collagen while tumor 
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tissue was characterized by a higher nucleic acid, protein, glycogen and overall lipid 
content. This exciting approach is also taken by another research group [10,11]. The 
spectral processing procedures and algorithms used in this study may be used for 
future analysis of bladder obstruction using Raman spectroscopy. 
 
 
Ischemia and glycogen scoring 

New insights in the metabolism of glycogen under anaerobic conditions of the bladder 
have been published [12,13]. A clear link was found between the occurrence of 
(induced) ischemic conditions or hypoxia and an acute decline in glycogen content, 
emphasizing that the glycogen metabolism pathway, although originally described for 
skeletal muscle, is the main energy supplier in anaerobic conditions of the bladder too 
[14]. Upon chronic depletion caused by frequent voiding, a large number of glycogen 
deposits in the form of granules are stored in muscle cells. In most studies glycogen 
content was determined by biochemical analysis of solubilised tissue. We have scored 
the content of glycogen granules in periodic acid Schiff’s stained tissue slides. Thus 
both the location and the number of glycogen granules in the detrusor layer were 
displayed. We concluded that ischemic conditions started to appear at the serosal side 
– with blood supply from most peripheral arteries – of the bladder and progressively 
accumulated over the whole detrusor layer as bladder function further deteriorated 
(chapter 3). As described above earlier medical intervention had a large effect on 
prevention of ischemic conditions. In chapter 7 the findings from chapters 5 and 6 
were re-evaluated and it was found that compliance and detrusor overactivity 
correlated best with ischemic conditions. However, it is widely believed that ischemia 
is caused by either longer voiding or abnormally high increased pressure during 
voiding. The conclusion of chapter 7 is that the onset and progression of ischemia in 
the bladder wall is mostly related to the bladder condition between voidings. 
The correlation of glycogen scoring to the whole course of bladder functional changes 
during obstruction, even after periods of de-obstruction was remarkable. Unpublished 
preliminary data of glycogen scoring in tissue from patients with bladder functional 
changes upon neurogenic disorders (spina bifida) showed a significant increase 
compared to tissue from patients without functional changes. However, comparison 
of glycogen scores to a time course of functional changes in patients is not possible, 
since in most cases only single point measurements are available and no comparison 
can be made to former functional changes. 
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Conclusion 

With regard to the aims of this thesis, it can be concluded that after study of the 
bladder – subjected to partial outlet obstruction – with both functional and structural 
analysis a relationship was found between the severity of ischemic periods and the 
level of functional changes. This relationship is the basis of gaining insight in the 
course of functional changes by measuring the severity of ischemic conditions, 
determined by scoring the amount of granular glycogen deposits in the detrusor layer. 
Furthermore, a correlation was found between the occurrence of ischemia and 
changes in bladder compliance and detrusor overactivity. Histochemistry was a key 
factor in the glycogen scoring but also revealed collagen infiltration within muscle 
fibers. 
Raman spectroscopic mapping was very successfully used to determine these 
structural changes in tissue sections in a non-destructive manner and it initiated the 
study for the scoring of glycogen granules related to bladder function. Additionally, 
bladder tumor and non-tumor tissue areas were successfully discriminated with 
Raman mapping. Spectral analysis revealed the compositional basis for this. 
Inspiration for much research, including the work in this thesis, was derived from 
problems in diagnosis and treatment in the clinic. A very convincing new variable in 
diagnosing bladder functional changes, glycogen scoring, was found. The techniques 
used and findings presented in this thesis are the basis for further research in order to 
develop the scoring of glycogen deposits as a measure for historic bladder function 
into a clinical application. 
 
 
Prospects 

Scoring of ischemia induced glycogen accumulation comprised a major part of this 
thesis after the value of this was fully recognized. Further study therefore needs to 
aim at refinement of glycogen scoring and translation of this to non-destructive in vivo 
analysis using fiber optic Raman spectroscopy. To apply Raman spectroscopy for the 
in vivo detection of bladder structural changes, and in particular the accumulation of 
glycogen, in the clinic, fiber optic probes must be used that can enter the bladder 
though a working channel of a cystoscope. For this ultimate goal some critical aspects 
must be resolved. One of these aspects is the maximum depth range of the fiber optic 
probes in which structural changes inside the bladder wall can still be detected by 
Raman spectroscopy. It may also be of use to develop fibers that have a specific range 
of depth, which may be used to detect structural changes only in a specific layer such 
as glycogen in the muscle layer. 
Contemporaneously, studies with techniques that monitor the severity of the ischemia 
in real-time will also be included. The intention is to use differential pathlength 
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spectroscopy (DPS) [15,16]. With this technique blood saturation, blood volume and 
vessel diameter can be determined in vivo non-destructively in less than a second. In 
vivo pilot experiments on guinea pig bladders before and four weeks after obstruction 
show encouraging results. DPS and in vivo Raman spectroscopy may simultaneously 
be applied to measure blood saturation as an acute indication for ischemia and 
glycogen accumulation that represents the course of development of the ischemia, e.g. 
present and past. For this approach significant developments in the fields of fiber 
optic probes and measurement equipment are needed. A grant proposal has been 
submitted for this purpose. 
Ongoing and more specific applied (medical) intervention for prevention of ischemia 
will also be part of the scope for further research. Combined with the developments 
described above more insight may be gained for ultimately applying this approach as 
a clinical treatment. 
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Summary 

Congenital urethral valves and a dysfunctional sphincter after spina bifida are the two 
major causes for a partial urethral obstruction in children. Since urine has to be 
pushed through the obstruction with more force, the bladder has to work harder. This 
is accompanied by a number of complications such as the strengthening of the 
bladder, which makes it less compliant. Furthermore, the blood vessels in the bladder 
wall are (partially) compressed by the abnormally increased pressures during passive 
bladder filling. This leads to a deficiency in oxygen rich blood supply, also known as 
ischemia, which is needed for proper muscle function. Due to these processes the 
bladder has to work harder while the energy supply is decreased. When the cause of 
the obstruction is removed timely, the bladder can recover and no further 
consequences occur. However, when the development of bladder wall damage during 
obstruction progressed for a long time, a recovery of normal bladder function is no 
longer possible. Even when the obstruction is removed, the bladder is fighting against 
its own structural changes. The end-stage of this process is called a dripping bladder, 
or decompensated bladder. In these cases proper contraction of the bladder in order to 
secrete urine is no longer possible due to damage to the neurological system, severe 
ischemia and advanced infiltration of a collagen matrix inside the muscle fibres. 
Eventually the bladder becomes a stiff vesicle for urine storage with continuous high 
pressure. Urine is secreted by continuous leaking, known as incontinence. The 
abnormally increased bladder pressure also leads to reflux (a black-flow of urine to 
the kidneys). The kidneys can poorly withstand this phenomenon and soon after 
reflux has started kidney damage occurs. 
Some of the consequences of an obstructed urethra, widened ureters and a large 
bladder volume, can already be diagnosed by prenatal ultrasound echography. Soon 
after birth intervention is performed to prevent proliferation of more damage. 
However, despite intervention as early as possible, bladder deterioration can still 
occur. Therefore monitoring of bladder function is essential. After removal of the 
obstruction bladder function is determined by doing urodynamic measurements 
several times to determine possible recovery, stagnation or deterioration of the 
bladder in time. However no insight in the bladder functional history before 
intervention is available. This makes it impossible to get a good prognosis for ongoing 
bladder development. At present the monitoring of function may express further 
deterioration of bladder function but a prognosis at initial intervention would enable 
better treatment of bladder recovery avoid the ongoing deterioration much sooner. 
The aim of this study is to find a solution to get this insight in the development of 
bladder damage. We also want to gain new and better insights in the course of further 
bladder functional development during and after intervention. To do this, we have 
applied an animal model to conscientiously determine the exact course of bladder 
functional changes during an obstruction and relate this to bladder structure. This 
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thesis describes two main research lines: the first investigates the correlation between 
bladder function and bladder structure, paying particular attention to the role of 
ischemia. This has led to the discovery of the number of glycogen deposits as a marker 
for ischemic conditions. The number of glycogen deposits strongly correlates with the 
course of bladder function after partial obstruction. We have used an animal model 
that allowed us to simulate a partial obstruction of the urethra and monitor changes in 
bladder function over time. Bladder structure analysis was performed with multiple 
methods and the structure could be correlated to functional changes in individual 
animals. To apply determination of glycogen deposits in the clinic it is necessary to be 
able to perform this in patients in a non-destructive manner, thus without the need for 
biopsies. For this we studied the possibilities of Raman spectroscopy, which can be 
applied both in vitro and in vivo. This forms the second main study outline in this 
thesis. With in vitro Raman spectroscopy changes in bladder structure, including 
glycogen deposition, are measured without any pre-treatment of tissue. With fibre 
optic probes glycogen deposition could be measured on multiple locations inside the 
bladder using in vivo Raman spectroscopy. The technical development of these probes, 
however, is outside the scope of this thesis but remains a goal for future studies. 
 
Chapter 1 is a general introduction in which normal bladder function, dysfunction, 
the principles behind urodynamic measurements and the animal model for partial 
outlet obstruction of the bladder are described. Subsequently the bladder structure 
and also the changes that occur after placement of a partial obstruction, in particular 
the deposition of glycogen granules are described. Also an explanation of the 
background and applications of Raman spectroscopy in bladder structure studies and 
related subjects is included. At the end of this chapter is the scope of this thesis. 
In chapter 2 the relationship between the course of bladder functional changes after 
partial bladder outlet obstruction and the level of glycogen granule deposition is 
described. For this the animal model was used. In each animal the glycogen content 
was scored by visual assessment of a Perjodic acid Schiff’s (PAS) stain of a histologic 
tissue slide. Changes in the urodynamic variables bladder pressure, contractility, 
compliance and detrusor overactivity were compared to the glycogen score in each 
animal. The glycogen score is a measure for the number of glycogen granules in which 
a score 0 stands for no glycogen, a score 1 for staining of only a small amount of 
granules, a score 2 for staining of glycogen throughout larger parts of the detrusor and 
a score 3 for glycogen throughout the whole detrusor layer. Since this scoring is 
subjective, three blinded co-workers performed it individually and the results were 
averaged. More grades in scoring would enhance the mutual variability, thereby 
making it less accurate. The glycogen content strongly correlated with the time course 
of functional changes. The more functional changes, the higher were the glycogen 
scores. With increasing glycogen score the location of granules also changed. A score 1 
correlated with granules only apparent at the outer parts of the detrusor layer. A score 



Summary 

 157

2 correlated with granules that emerged from the outer side towards larger part of the 
detrusor and a score 3 with granules throughout the whole detrusor, up to the lamina 
propria and urothelium. 
Chapter 3 builds on the work presented in chapter 2, the same methodology was used 
to correlate function with glycogen scores but now with the addition of a period of de-
obstruction. The results confirmed those of the previous chapter: even after recovery 
of bladder function the detrusor still contained glycogen granules and the scoring of 
content still reflected the course of functional changes during obstruction. This 
allowed for prognosis on the basis of the glycogen content in the detrusor. 
Chapter 4 describes the application of anticholinergics to reduce or even inhibit the 
formation of bladder damage. Oxybutinin, a bladder overactivity inhibitor, was given 
orally to animals with a partial obstruction to study if it could inhibit both overactivity 
and abnormally high pressure during voiding. These variables together with 
compliance were comparable to values of control animals. However, contractility was 
increased, which may lead to an even faster rate of bladder deterioration when 
intervention with oxybutynin is stopped or failed. This happened in two animals in 
which for unspecified reasons intervention failed and all urodynamic variables 
showed a decrease in function. The glycogen score showed only a slight increase in all 
animals except for the two animals with intervention failure, with scores of 2 and 3 
respectively. 
In chapter 5 the in vivo effect of acetylsalicylic acid (aspirin) was studied. Aspirin was 
also given orally to animals with a partial obstruction to study the inhibitory effect of 
aspirin on the formation of bladder damage. Bladder pressure during voiding and 
contractility highly increased compared to controls and even obstructed animals. 
Bladder overactivity was not suppressed but the compliance remained normal. The 
glycogen scores in all animals were not or barely increased compared to controls. 
Aspirin therefore does not protect against changes in bladder function after partial 
obstruction but prevents the formation of ischemic conditions. The bladder can 
compensate for the increased resistance without damage but it is again not completely 
protected against increased contractility and overactivity. 
In chapter 6 the results from chapters 2, 4 and 5 are combined to study the effect and 
the role of ischemia during partial obstruction in more detail. It became clear that 
ischemia is critically related to a decreased compliance and to a lesser extent to 
bladder overactivity. Very high pressures during voiding and increased contractility 
do not have a direct relationship with ischemia, as is clear from the results with 
aspirin intervention (to a lesser extent with oxybutynin) compared to only obstruction. 
Changes in function during bladder filling correlated best with ischemic conditions, 
rather than the functional changes during voiding. 
From chapter 7 onwards the second main research line, Raman spectroscopic 
mapping of bladder tissues, is described. With these maps a layout of tissue areas is 
created that have a similar structure and biochemical composition. The bladder wall 
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layers – urothelium, lamina propria and detrusor – could be mutually distinguished 
with Raman spectroscopic mapping. A Raman map is a selected area within a tissue 
section in which spectra are measured. This area is divided in small squares like a 
grid. In each square one spectrum is measured. By means of a cluster algorithm all 
spectra from a map measurement are compared to each other. A cluster is formed by 
spectra with a high level of similar spectral characteristics. The more clusters, the 
higher the level of similarity. In this work 4 clusters were used, similar to the three 
main bladder wall layers (serosa excluded) plus one cluster with background signal 
from only the slide (e.g. holes in the tissue). Then a color is assigned to each cluster, so 
that the spectra of one cluster are labelled with the same color. In this way a pattern of 
colors is created that is related to the clusters and therefore to the biochemical 
composition of the tissue. The measured tissue is histochemically stained after the 
map measurement. Then a photo image of this stain is compared to the pattern of 
clusters. The urothelium and the muscle layer were clearly distinguished as separate 
clusters. The lamina propria mainly consists of a collagen matrix. This matrix also 
appears in between muscle fibres and was clearly visible in the map. The averaged 
spectra of the lamina propria and detrusor correlated to spectra measured on pure 
collagen and actin respectively. 
Chapter 8 is a continuation of chapter 7 in which Raman maps are measured on 
bladder tissue sections from controls and obstructed animals. Again the bladder wall 
layers could clearly be distinguished. Compared to controls the obstructed bladders 
showed an increase in collagen matrix within muscle fibres. A more surprising result 
was obtained by adding an extra cluster to the analysis. After comparison to spectra 
measured on pure components this cluster correlated with glycogen deposits. This 
finding actually led us to compare glycogen content with the level of changes in 
bladder function as described in previous chapters. 
Chapter 9 describes how the unique principles of Raman spectroscopic mapping can 
be used to analyse other forms of bladder pathogenesis: bladder carcinomas. This 
study aimed at the discrimination between bladder tumor tissue and the surrounding 
‘healthy’ tissue, better referred to as non-tumor tissue. Raman maps were measured 
on sections from biopsy material of human bladder tissue. After Raman mapping, the 
measured sections were histochemically stained. In accordance to the evaluation of a 
pathologist tissue areas in the section were classified as tumor or non-tumor and 
compared with the pattern of clusters in the maps. Tumor and non-tumor areas were 
always clustered separately. In total 25 maps from 15 different tissue sections were 
measured. The averaged spectra of all clusters of all maps were combined in one 
dataset. A linear discriminant analysis was performed on this dataset to develop 
criteria for a discrimination model based purely on spectral information of tumor and 
not-tumor tissue. Validation of these criteria was done by development of 
discrimination models with spectra of all tissues except those from one patient. The 
left-out spectra were then classified using this discrimination model. This approach 
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was repeated for all patients, so that spectral classification was performed 15 times 
with an overall classification result of 94% sensitivity and 92% specificity. Biochemical 
differences between tumor and non-tumor areas were characterized by comparison of 
spectra measured on pure components with the cluster averaged spectra from tumor 
and non-tumor areas separately. The latter were characterised by an increase in 
collagen content, tumor areas were characterised by a higher content of lipids, nucleic 
acids, proteins and glycogen. 
The methodology and developed algorithms in this study, although not directly 
related to bladder obstruction studies, can be applied for further characterisation of 
structural changes in the bladder after obstruction and for future development of 
clinical applications. 
Chapter 10 is a general discussion and contains the conclusions of this thesis and 
guidelines and recommendations for future research. 
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Samenvatting 

Aangeboren urethrale kleppen en een dysfunctionele sfincter als gevolg van 
neurogene schade bij een spina bifida (open rug) zijn bij kinderen de twee grootste 
oorzaken van een partiële urethrale obstructie, ofwel een vernauwing van de plasbuis. 
Omdat urine met meer kracht door deze vernauwing moet worden geperst, zal de 
blaas harder moeten werken. Dit gaat echter gepaard met een aantal complicaties; de 
blaas versterkt zichzelf waardoor de blaaswand stugger wordt. Tevens worden 
bloedvaatjes in de blaaswand door de hogere drukken in de blaas al tijdens het 
passieve vulproces, al dan niet gedeeltelijk, dichtgeknepen. Hierdoor ontstaat een 
tekort aan zuurstofrijk bloed, ook wel ischemie genoemd, dat nodig is voor een goede 
spierfunctie. Door deze processen moet de blaas meer werk verrichten terwijl de 
energievoorziening juist steeds minder wordt. Als de oorzaak, de vernauwing, op tijd 
wordt opgeheven, kan de blaas weer herstellen en zijn er verder geen gevolgen. 
Echter, als de ontwikkeling van de blaasschade maar lang genoeg duurt, zal een 
terugkeer naar een normale blaasfunctie niet meer mogelijk zijn. Ook al wordt de 
vernauwing opgeheven, de blaas vecht nu een verloren strijd tegen zijn eigen 
structurele veranderingen. Het eindstadium van dit proces is wat men noemt een 
druppelblaas, of decompensatieblaas. Door schade aan het neurologisch systeem, 
ernstige ischemie en vergevorderde ingroei van collageen is het samentrekken van de 
blaasspieren om urine te kunnen uitdrijven dan niet meer mogelijk. Uiteindelijk is de 
blaas verworden tot een stugge opslagzak voor urine waarin continu een hoge druk 
heerst. Urine wordt alleen nog uitgescheiden door continu lekken; incontinentie is een 
feit. Vanwege de abnormaal hoge drukken in de blaas ontstaat ook reflux, 
terugstroom van urine naar de nieren. Deze zijn hier zeer slecht tegen bestand en al 
snel na het ontstaan van reflux treedt dan ook nierschade op. 
Het gevolg van een vernauwing in de urethra, verwijde ureters en een groot 
blaasvolume, kan middels ultrasound echografie al prenataal worden 
gediagnosticeerd. Zo snel mogelijk na de geboorte kan vervolgens worden ingegrepen 
om ontwikkeling van verdere schade zo veel mogelijk te voorkomen. Echter, ook al 
wordt er zo vroeg mogelijk ingegrepen, een verdere verslechtering van de 
blaasfunctie kan nog steeds optreden. Monitoren van de blaasfunctie is dan ook 
essentieel. Na verwijdering van de vernauwing wordt nog enkele malen de 
blaasfunctie bepaald met urodynamische metingen om eventueel herstel, stagnatie of 
juist verslechtering van de blaas tijdig vast te stellen. Omdat urodynamische metingen 
slechts een moment opname zijn, wordt er geen duidelijk inzicht in het historisch 
verloop van schadevorming verkregen. Daardoor is een goede prognose van de 
verdere ontwikkeling niet mogelijk. 
Dit proefschrift richt zich op het vinden en uitwerken van een mogelijkheid om 
inzicht te krijgen in de voorgeschiedenis van blaasschade en om een nieuw en beter 
inzicht te verkrijgen in het verloop van verdere ontwikkeling van de functie tijdens en 
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na interventie. Daarvoor hebben we het verloop van blaasschade achterhaald door in 
een proefdiermodel nauwgezet de blaasfunctie te volgen tijdens obstructie en deze te 
relateren aan de structuur. Het doel omvat twee hoofdlijnen: de eerste lijn betreft het 
correleren van de blaasfunctie aan de blaasstructuur met de rol van ischemie in het 
bijzonder. Dit heeft ertoe geleid dat we het glycogeengehalte in de spierlaag van de 
blaas als marker voor ischemie hebben gevonden. Het glycogeengehalte blijkt in hoge 
mate te correleren met het verloop van de blaasfunctie na een partiële obstructie. We 
hebben gebruik gemaakt van een diermodel waarin we een partiële obstructie van de 
urethra kunnen simuleren en in de tijd de veranderingen in blaasfunctie kunnen 
volgen. Ook werd de structuur van de blaas met verschillende methoden bestudeerd 
en konden we per individueel dier het tijdpad van functionele veranderingen 
correleren aan veranderingen in de structuur. Om het scoren van glycogeen ook 
klinisch te kunnen toepassen, is het noodzakelijk om dit op een niet-destructieve 
manier – dus zonder het biopteren van de blaas – in patiënten te kunnen doen. 
Daarvoor hebben we de mogelijkheden van Raman spectroscopie bestudeerd, welke 
zowel in vitro als in vivo kan worden toegepast. Dit vormt de tweede hoofdlijn in dit 
proefschrift. Met in vitro Raman spectroscopie zijn veranderingen in blaaswand 
structuur als gevolg van obstructie, onder andere in glycogeen depositie, zonder enige 
voorbewerking van weefsel gemeten. Alleen het invriezen van blaasweefsel en het 
snijden van vriescoupes waren noodzakelijk. Met in vivo Raman spectroscopie zou 
via fiber optische probes op meerdere plaatsen in de blaas het glycogeen gehalte 
kunnen worden gemeten. De technische ontwikkelingen voor deze probes vallen 
buiten dit proefschrift maar zijn wel een doel voor vervolgonderzoek.  
 
Hoofdstuk 1 is een algemene inleiding waarin de normale functie van de blaas, 
dysfunctie, het principe en het gebruik van urodynamische metingen en het 
proefdiermodel voor partiële obstructie van de blaas uitgelegd. Vervolgens wordt de 
opbouw van de blaas en de veranderingen in functie en structuur die optreden als 
gevolg van partiële obstructie met in het bijzonder de stapeling van glycogeen 
granules. Ook is eer een uitleg over de achtergronden en toepassingen van Raman 
spectroscopie in blaasstructuur onderzoek en aanverwante toepassingsgebieden 
toegevoegd. Aan het eind van dit hoofdstuk staat het doel van dit proefschrift. 
In hoofdstuk 2 is de relatie tussen het verloop van de blaasfunctie na een partiële 
obstructie en de mate van glycogeen granule ophoping in de detrusorlaag beschreven. 
Hierbij is gebruikt gemaakt van het proefdiermodel. Het glycogeengehalte van elk 
dier werd gescoord door visuele beoordeling van een Perjodic Acid Schiff’s (PAS) 
kleuring van een histologische coupe van het blaasweefsel. De veranderingen in de 
urodynamische variabelen blaasdruk, contractiliteit, compliantie en detrusor 
instabiliteit zijn per individueel dier vergeleken met de glycogeenscore. De 
glycogeenscore is een maat voor de hoeveelheid glycogeen granules waarbij een score 
0 staat voor geen aanwezigheid van glycogeen, een score 1 voor kleuring van slechts 
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enkele glycogeen granules, een score 2 voor glycogeen in gedeeltes van de detrusor en 
een score 3 voor aanwezigheid van glycogeen in de gehele detrusor van de blaas. 
Omdat deze scoring subjectief is, werd deze door drie analisten afzonderlijk 
uitgevoerd en de resultaten gemiddeld. Meerdere gradaties in scoren zou de 
onderlinge variabiliteit alleen maar verhogen en dus onnauwkeuriger maken. Het 
glycogeengehalte bleek een sterke relatie te hebben met het verloop van functionele 
veranderingen in de blaas tijdens partiële obstructie. Hoe groter de veranderingen, 
hoe hoger de glycogeenscore. Naarmate de glycogeenscore hoger werd, werd ook de 
locatie van de glycogeen granules anders. Een score 1 correleerde met glycogeen 
granules die alleen aan de buitenste rand van de detrusorlaag verschenen, een score 
twee correleerde met granules die vanaf de buitenste rand over een groter gedeelte 
waren verspreid. Pas bij een score 3 reikten de granules, die over de gehele 
detrusorlaag waren verspreid, tot aan de lamina propria en urotheellaag. 
Hoofdstuk 3 is een vervolg op hoofdstuk 2, waarin met dezelfde methodes eveneens 
het verband tussen glycogeenstapeling en het verloop van blaasfunctie is aangetoond 
maar met als toegevoegde waarde dat bij deze meetserie een periode van de-
obstructie werd toegepast. De resultaten kwamen sterk overeen met de resultaten uit 
het vorige hoofdstuk; ook na een tijd van herstel na verwijdering van de obstructie 
bevatte de detrusorlaag nog steeds glycogeen granules waarbij de scoring 
representatief was voor de mate van functionele veranderingen. Met name voor de 
kliniek heeft dit als waarde dat ook na het weghalen van de obstructie, nog steeds het 
historisch verloop van de blaasfunctie kan worden aangetoond waarmee een betere 
prognose voor verdere blaasfunctie ontwikkeling mogelijk is. 
Hoofdstuk 4 beschrijft de toepassing van anticholinergica om de ontwikkeling van 
blaasschade te remmen, dan wel te voorkomen. Oxybutynine, een remmer voor blaas 
overactiviteit,  is oraal toegediend aan dieren met een partiële obstructie om te 
bestuderen of hiermee de ontwikkeling van schade in de blaas kon worden geremd 
door het tegengaan van overactiviteit en het laag houden van de druk tijdens het 
plassen. Zowel de blaasdruk tijdens plassen, de compliantie en de blaas overactiviteit 
bij behandeling met oxybutinine tijdens partiële obstructie bleken vergelijkbaar te zijn 
met de blaasfunctie van controle dieren. Echter, de contractiliteit liet een verhoging 
zien, welke er toe kan leiden dat als de interventie wordt gestopt bij blijvende 
obstructie, de blaasfunctie juist sneller zal verslechteren. Dit bleek het geval bij twee 
dieren waarbij om onduidelijke reden de interventie niet meer effectief was en waarbij 
alle urodynamische variabelen een verslechtering lieten zien. De glycogeen scoring 
was in alle dieren slechts licht verhoogd, behalve weer in de twee dieren met 
ineffectieve interventie met respectievelijk een glycogeen score van 2 en 3. 
In hoofdstuk 5 wordt het in vivo effect van acetylsalycylzuur (aspirine) onderzocht. 
Ook aspirine werd oraal toegediend aan dieren met een partiële obstructie, waarbij de 
remmende werking op de vorming van blaasschade bij partiële obstructie werd 
vervolgd. Bij aspirine stegen de druk tijdens het plassen en de contractiliteit sterk 
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vergeleken met controle en zelfs onbehandelde geobstrueerde dieren. De blaas 
overactiviteit werd niet onderdrukt maar de compliantie bleef normaal. De glycogeen 
scores van alle dieren bleken niet tot nauwelijks verhoogd te zijn vergeleken met 
controledieren. Aspirine behoedt de blaas dus niet voor veranderingen in blaasfunctie 
maar zorgt ervoor dat ischemische condities niet ontstaan. De blaas kan daardoor 
optimaal compenseren voor een vernauwing terwijl er geen schade optreedt, echter 
door blaasoveractiviteit en verhoogde contractiliteit is de beschermende rol van 
aspirine niet compleet. 
In hoofdstuk 6 worden de resultaten uit de hoofdstukken 2, 4 en 5 gecombineerd om 
dieper op het effect en de rol van ischemie tijdens partiële obstructie in te gaan. Zo is 
duidelijk geworden dat ischemie vooral verband houdt met een verslechterde 
compliantie (rekbaarheid van de blaas) en in mindere mate mate met overactiviteit. 
Zeer hoge drukken tijdens mictie en verhoogde contractiliteit blijken juist geen direct 
verband met ischemie te hebben. Dit blijkt uit de bevindingen met aspirine (en in 
mindere mate met oxybutynine) interventie, vergeleken met de gevolgen van alleen 
obstructie. Dus niet zozeer functionele veranderingen tijdens plassen maar juist 
tijdens de vulfase blijken sterk te correleren met ischemische condities. 
Vanaf hoofdstuk 7 wordt de tweede onderzoekslijn, Raman spectroscopische map 
metingen van blaasweefsel, beschreven. Dit hoofdstuk is de aanzet waarbij gekeken is 
of met Raman spectroscopische maps de verschillende blaaswand lagen – urotheel, 
lamina propria en spierweefsel – van elkaar konden worden onderscheiden. Een 
Raman map is een geselecteerd gebied in een vriesweefsel coupe waarin spectra 
worden gemeten. Dit gebied wordt als een rooster ingedeeld in kleine vierkantjes, 
waarin steeds één spectrum wordt gemeten. Door middel van een cluster algoritme 
worden alle spectra van een map met elkaar vergeleken. Elk cluster wordt gevormd 
door spectra met onderling sterk vergelijkbare spectrale eigenschappen. Hoe meer 
clusters, hoe hoger de graad van gelijkenis van spectra in een cluster. In dit werk is 
ervoor gekozen om vier clusters toe te passen, gelijk aan het aantal lagen (serosa niet 
meegerekend) in de blaaswand plus één cluster met alleen achtergrond (gaten in 
weefsel e.d.). Vervolgens wordt aan elk cluster een kleur toegekend. Zo ontstaat een 
patroon van kleuren, gerelateerd aan de clusters en dus aan de samenstelling van het 
weefsel. Het weefsel dat gemeten is wordt achteraf histochemisch gekleurd. Een foto 
van de gekleurde coupe wordt vergeleken met dit patroon. Het urotheel en de 
spierlaag waren duidelijk als afzonderlijke clusters te zien. De lamina propria bestaat 
voornamelijk uit een collageen matrix. Deze matrix komt ook voor tussen de 
spierbundels. Ook dit was duidelijk te onderscheiden. De gemiddelde spectra van de 
lamina propria en de spierlaag kwamen sterk overeen met spectra gemeten op pure 
collageen en actine, een hoofdcomponent van spierweefsel. 
Hoofdstuk 8 is een vervolg op het voorgaande, waarbij Raman maps zijn gemeten in 
blaasweefsel coupes van niet-geobstrueerde en geobstrueerde dieren. Ook nu werden 
de lagen van de blaas afzonderlijk geclusterd. Een duidelijke toename van collageen 
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ìn de spierbundels was te zien. Een verassend resultaat werd verkregen door het 
toekennen van een extra cluster in de analyse. Na vergelijking van de spectra in dit 
cluster met spectra van pure stoffen bleek dit cluster te correleren met glycogeen 
ophopingen. Deze vondst was de aanzet voor de vergelijking van het gehalte aan 
glycogeen met de veranderingen in blaasfunctie, zoals in de voorgaande 
hoofdstukken is beschreven. 
Hoofdstuk 9 beschrijft hoe de unieke eigenschappen van Raman spectroscopische 
maps gebruikt kunnen worden voor het bepalen van andere pathogene veranderingen 
in de blaas: blaastumoren. In deze studie is gekeken of met Raman spectroscopie 
blaastumorweefsel en het omliggende ‘gezonde’, beter gezegd het niet-tumor weefsel, 
kon worden onderscheiden. In ingevroren weefsels van humane blaas biopten werden 
Raman spectroscopische maps gemeten. Na de metingen werden de coupes 
histochemisch gekleurd. Aan de hand van de beoordeling van een patholoog werden 
tumor en niet-tumor gebieden gekarakteriseerd en vergeleken met de patronen van de 
clusters in de maps. Tumor en niet-tumor gebieden werden pertinent afzonderlijk 
geclusterd. In totaal werden 25 maps gemeten in 15 weefselcoupes. De gemiddelde 
spectra van alle clusters van alle maps werden bij elkaar gevoegd in één dataset 
waarop een lineaire discriminant analyse werd gedaan waarmee criteria werden 
ontwikkeld om op grond van spectrale informatie tumor en niet-tumor weefsel te 
onderscheiden. De criteria werden gevalideerd door een discriminant model te 
ontwikkelen op een dataset bestaande uit alle cluster gemiddelde spectra behalve de 
cluster gemiddelde spectra van één patient. De weggelaten spectra werden vervolgens 
met het discriminant model geclassificeerd. Deze aanpak werd herhaald voor alle 
patiënten, dus in totaal werd 15 keer een spectrale classificatie gedaan. Dit leverde een 
classificatie op met een sensitiviteit van 94% en een specificiteit van 92%. 
Biochemische verschillen tussen tumor en niet-tumor gebieden konden worden 
gekarakteriseerd door het vergelijken van spectra van pure componenten met de 
cluster gemiddelde spectra van alle maps. Niet-tumor weefsel wordt gekenmerkt door 
meer collageen en tumor weefsel wordt gekenmerkt door hogere concentraties van 
lipides, nucleïnezuren, eiwitten en glycogeen. 
De aanpak en de ontwikkelde methodes in deze, niet direct aan blaasobstructie 
gerelateerde, studie kunnen worden toegepast bij het verder karakteriseren van 
structurele veranderingen in de blaas na obstructie en voor de toekomstige 
ontwikkeling van klinische toepassingen. 
Hoofdstuk 10 is de algemene discussie met daarin de conclusies van dit proefschrift 
en de richtlijnen en aanbevelingen voor verder onderzoek. 
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Dankwoord 

Zo, veel van het werk wat ik de afgelopen 8 jaar heb uitgevoerd samengevat in één 
‘pdf’ bestand. Afgedrukt in de vorm zoals deze nu op bladzijde 166 voor u ligt. Het 
eerste stukje tekst wat de meeste mensen als eerst zullen lezen – na de stellingen – is 
dit dankwoord dat op het allerlaatst nog aan dit proefschrift is toegevoegd. Maar 
anders dan alleen de medeauteurs van de artikelen laat dit stukje tekst zien hoeveel 
mensen er werkelijk al die 8 jaar in grote of kleine vorm, direct of indirect hebben 
bijgedragen aan de totstandkoming van dit proefschrift.  
 
Dik Kok, aan jou de eer om als eerste te bedanken. Met zo’n naam ben je voorbestemd 
om in de urologie te gaan werken. Jij was het die met wat papierwerk voor m’n eerste 
voltijd contract langskwam en de magische woorden sprak: “Oh ja, ik heb je 
aangesteld als AIO, gaat je wel lukken”. Ziehier, na een lange weg met meerdere 
korte, zeer korte en langere verlengingen is het me gelukt. Toen al had je er alle 
vertrouwen in en nu nog steeds. Je hebt me de vrijheid gegeven om, met vallen en 
opstaan, het reilen en zeilen binnen het onderzoekswereldje zelf te ontdekken. 
Regelmatig liep ik jouw kamer in voor een simpel vraagje of mededeling om 
vervolgens na lange discussies over een nieuw project of maatschappelijke perikelen 
weer weg te gaan. Ik hoop dat we ons werk op exact dezelfde lijn en wijze kunnen 
voortzetten.  
Gerwin Puppels, de ‘baas’ van het Raman spectroscopie lab en wetenschapper pur 
sang. Geroemd om het gebruik van weinig woorden, berucht om de impact die ze 
soms kunnen hebben. Maar wel altijd bij het rechte eind. Naast de vrijheid bij Dik zijn 
jouw geduld in uitleg, inzicht in aanpak en oog voor verbetering in menig manuscript 
essentieel geweest om dat reilen en zeilen te ontdekken op de juiste manier. Ook heb 
ik al die jaren gebruik mogen maken van de in de loop der tijd sterk verbeterde 
faciliteiten in het lab. Van 5 man aan twee bureautjes in een betegeld hok zonder 
daglicht tot aan een eigen bureau in een statig pand met tapijt en marmeren trappen. 
Van Raman map metingen tot diep in de nacht met energie verbrassende lasers tot 
aan het geautomatiseerd multimaps meten op een RiverD HPRM opstelling. Ik zie uit 
naar een vervolg met een overstap naar in vivo Raman toepassingen in de urologie. 
Ron van Mastrigt, het is me een genoegen dat ik een van jouw eerste promovendi mag 
zijn onder jouw aanstelling als professor en promotor. Dankzij mijn verblijf op het 
urodynamica lab de laatste jaren heb ik kennis kunnen maken met jou als opponent in 
plezierige en soms felle discussies over alles wat al dan niet lukraak als onderwerp 
voorbij kwam. Fascinerend is ook jouw analytisch vermogen op vrijwel elk gebied. En 
je onvermogen om afstand te doen van afgedankte spullen, vooral als er een stekker 
aan zit. 
Tom, voor velen onmisbaar gebleken in hulp met (het opzetten van) metingen en de 
dataverwerking. Ik ben daar geen uitzondering op. Zonder jouw inbreng was het 
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Raman spectroscopisch werk in dit proefschrift niet van de grond gekomen. Kees, 
Peter, Rolf, Diana, Maarten, Jan-Willem, Gilbert, Senada, Luis, Annieke, Sweder, 
Gunilla en nog vele mensen die ik in de loop der tijd heb mogen ontmoeten in het lab: 
ook jullie hebben op een aantal vlakken in meer of mindere mate bijgedragen aan 
metingen, verwerking van data en hulp bij het schrijven van manuscripten. Maar 
jullie waren ook een inspiratie voor het steeds sneller verlopende ‘lunch-in-je-gezicht-
proppen’, al dan niet gecombineerd met geweldige conversaties over de meest 
uiteenlopende onderwerpen, met in het bijzonder toch wel de caviaatjes. Dit alles 
overgoten met een heerlijke saus van schuine, goede en goede schuine humor. 
Katja Wolffenbuttel en Jeroen Scheepe, beiden kinderuroloog en uitmuntend cavia-
chirurg. Het was geweldig om te zien hoe vakkundig de ingrepen werden uitgevoerd. 
Katja, dankzij jouw voorwerk heb ik op een rijdende trein kunnen stappen. Jeroen, 
met jou als projectleider voor de laatste 4 jaar hebben we deze trein rijdend gehouden. 
Dankzij dit proefdiermodel hebben we vrijwel alle studies, die in dit proefschrift staan 
beschreven, kunnen uitvoeren. Samen met Joop en Fred hebben jullie bijgedragen in 
de bespreking van ontwikkelingen en uitkomsten van de cavia-urodynamica. 
Gedurende de jaren zijn er ook een aantal stagiaires aan de slag geweest, met name op 
de histologie. Net zoals ik bij de experimentele kinderurologie ben begonnen. Allen 
hebben zeer goed meegeholpen met de urodynamische metingen bij de cavia’s of deze 
zelfs geheel zelfstandig uitgevoerd. Daarnaast hebben Jojanneke en Tessa veel werk 
verricht met in situ hybridisatie. Brechtje, Bonnie en Marjolein hebben veel immuno’s 
uitgevoerd en met Marloes en Petra heb ik het scoren van de PAS kleuringen opgezet.  
De mensen van de urodynamica ben ik allereerst veel dank verschuldigd voor de hulp 
bij het verdoven van de cavia’s. Johan, Jan, Tim, Sandra en Els: iedere keer mocht ik 
jullie tijdens werkzaamheden storen en vragen om een helpende hand. Samen met 
jullie, Ron, John, Annemoon, Judith en anderen heb ik vele koffie, thee en lunch 
uurtjes kunnen vullen met gesprekken. Als was het maar over de sterkte van de koffie 
zelf. Een fijne groep om mee samen te werken en waarbij ik ook graag heb mogen 
meedenken en helpen bij jullie onderzoeken.  
De mensen van de experimentele urologie waren talrijk, veel mensen zijn gekomen 
en/of vertrokken. Guido, Wytske, Ellen, Astrid, Robert, Delshad, Don, Corrina, 
Suzanne, Wilma, Sigrun, Natasja, Angelique, Rajesh, Charlie, Joke, Antoine, Flip, 
Rogier, Dennis en de vele mensen van voorgaande jaren, jullie hebben me in het JNI 
niet zo vaak gezien. Sommigen hebben nog meegemaakt dat ik mijn stage en 
afstudeerperiode van het HLO daar heb uitgevoerd. Maar ik ben jullie allen zeker 
dank verschuldigd voor de vele feedback die ik heb gekregen bij werkbesprekingen 
maar natuurlijk ook tijdens één op één gesprekken in of rond het lab. Ook hebben 
velen van jullie de stagiaires meegeholpen in hun werkzaamheden. En natuurlijk 
dank voor de keren dat ik ‘geheel toevallig’ kwam binnendruppelen als er weer eens 
een traktatie stond. Het scheelde weinig of ik had dit dankwoord al eerder en in een 
geheel andere samenstelling geschreven. Al voordat ik bij Dik in dienst kwam, was ik 
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één van de kandidaten voor een AIO plaats bij Carl. Tot mijn grote spijt heeft Carl 
deze promotie niet meer mogen meemaken. Requiescat in Pace. 
Net zoals bij de experimentele urologie is vanuit de klinische urologie (Prof. Chris 
Bangma en collegae) ook vaak belangstelling getoond in mijn werk tijdens 
presentaties en gesprekken. Ook hier is de feedback juist vanuit de kliniek belangrijk 
gebleken in het verder ontwikkelen van bestaande en nieuwe projecten. 
Naast de reeds bovengenoemde afdelingen wil ik ook graag de mensen van de 
afdelingen experimentele pathologie, klinische pathologie en het EDC hartelijk 
danken voor de keren dan ik van de faciliteiten en van de hulp gebruik heb mogen 
maken. 
 
Naast de vele gesprekken en discussies op het werk, zijn er ook veel vrienden geweest 
die de verhalen over mijn werk hebben aangehoord. Sommigen zijn al eens op één of 
meerdere labs wezen rondkijken. De gefronste wenkbrauwen spraken boekdelen: niet 
de meest alledaagse werkomgeving maar dat maakt het werk juist zo boeiend. 
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Appendix 

 

Chapter 2, figure 1 
Examples of PAS stains
with scores 0 (a), 1 (b), 2
(c) and 3 (d). D, detrusor
layer; S, serosa; LP,
lamina propria; and U,
urothelium. Dotted
circles show the small
groups of glycogen
granules. Bar = 200 µm.

This figure is representative for: 
Chapter 3, figure 1 
Chapter 4, figure 2 
Chapter 6, figure 1 
Example of PAS stains of bladder 
detrusor layer with scores 0 and 3. 
Bar = 200 µm. Inserts are 4x 
enlargements. Some glycogen 
granules are denoted with arrows.  

Chapter 7, figure 5 
Immunohistochemical staining of collagen (a) and smooth 
muscle actin (b) in bladder wall with diaminobenzidine 
tetrahydrochloride and Mayer’s hematoxylin background
staining. Collagen is mainly present in lamina propria (LP) and 
in smaller amount between muscle fibers (M). Actin is mainly
present in the muscle layer and around blood vessels in the
lamina propria. U, urothelium. 
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Chapter 9, figure 2 
A: Unstained section of bladder tissue containing both non-tumor and tumor areas, 20 µm in
thickness. Scalebar = 100 µm. B: Raman spectroscopic map, each grid element is 6,5 µm by 6,5
µm. Purple area is representative for tumor, red area for muscle tissue, green area for collagen
fibers and blue and yellow are areas of transition between two types of tissue. C: Same section
as A but HE stained after the measurements. Tissue areas are outlined. D: Averaged spectra of
the clusters in B with matching colors, a.u.: arbitrary units. 
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